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INTRODUCTION-
TWO excellent reviews of the biology of soil-borne viruses (Cadman, 
1963; Harrison, 1960) in the past decade have led to an increased awareness 
of viruses in roots. Since many of the soil-borne viruses affect cereals 
which are of great economic importance, it is only reasonable to expect 
advances in this area. 
Much of the work on the distribution of viruses in or near apical 
meristeras has been accomplished using root tips because of the relative 
ease of working with them. The distribution of viruses in meristems 
has beer, of interest to researchers using -eristem cultures for obtain­
ing virus-free clones from infected stock (Rollings, 1965) and by investi­
gators studying seed transmission of viruses (Crowley, 1959). 
The effects of virus infection and multiplication on the physiology 
of host plants is still not well understood. The subject has been 
neglected compared to other aspects of virology. An excellent review 
of the status of knowledge of the physiology of virus-infected plants 
has brought together research in the area up to the past decade (Diener, 
1963). 
It is the aim of this study to add to the understanding of the 
behavior of viruses in roots, and to some extent, the behavior of roots 
dwarf mosaic virus, bromegrass mosaic virus, and clover yellow mosaic 
virus from infected roots to shoots, the distribution of these viruses 
in root tips, and the effects of the viruses on host physiology. 
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LITERATURE REVIEW 
Historical aspects 
The possibility that plant viruses may have been spread through 
the soil and entered and infected plants through their roots was enter­
tained by Mayer in 1886. This idea gained little attention until Boning 
(1931) established that tobacco rattle disease was caused by a filterable, 
soil-borne virus. 
McKlnney and Webb (McKlnney, 1923; McKlnney et al., 1925; Webb, 1927, 
1928) working on wheat mosaic, reestablished the idea that some plant 
viruses normally spread through the soil. This work led to a detailed 
study of the role of a soll-bome virus in an outbreak of the tobacco 
mosaic disease (Johnson and Odgen, 1929). Work on grape "arricclamento" 
showed that this disease could also be contracted from the soil and sug­
gested that its causal agent was a virus (Cadman, i960). These studies 
on the mode of transmission of tobacco necrosis virus (Smith and Bald, 
1935; Smith, 1937) were the few major contributions to the study of soil-
borne plant viruses up to 1945. 
Methods of transmission of soil-borne viruses 
Modes of transmission of soil-borne viruses may be as varied as 
those of viruses that spread above ground. 
Several viruses have been shown to be transmitted through the soil 
by nematodes (e.g., J. P. Fulton, 1962, 1967), since Hewitt et al. (1958) 
demonstrated that grapevine fan leaf virus could be transmitted by Xiphlnema 
americar.um. 
The fungal genus 01?idi-jn has also been implicated in the trans­
mission of lobacco necrosis virus (TNV), lettuce big vein virus, and 
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other soil-borne viruses. Studies with cereal oosaic viruses have 
shown that Polymyxa graainis (Brakke et al., 1965; Rao and Brakke, 
1969, Lindford and McKinney, 1954; Bruehl and Dansteegt, 1961) say 
serve as the soil-borne vector of a number of these viruses. 
There is evidence for a third group of viruses which may be trans­
mitted through the soil without the aid of a vector (Smith et al., 1969). 
Allard (1916) reported the recovery of tobacco mosaic virus (TMV) from 
roots of diseased tobacco, tomato, and petunia plants. Virus has been 
isolated from roots of healthy looking plants. Kumuro and Iwaki (1969) 
reported the presence of TMV in field-grown tomato plants that showed 
liu sympcons. They found TMV, in roots only, of 482 of the plants sampled 
from 1 field, in roots and shoots of 32%, with the remainder of plants 
being virus free. 
Bond and Pirone (1970) found that uninoculated sorghum plants became 
infected with sugarcane mosaic virus (SCMV) when grown in containers with 
infected plants when precautions were taken to eliminate biological vectors. 
Tobacco laosaic virus is readily ireleased from infected tobacco 
roots into the soil, where it can overwinter (Hoggan and Johnson, 1936). 
It has also been shown to overwinter in plant debris. Tobacco mosaic 
virus can be detected in both plant residues and soil extracts in the 
spring, following a season of infection, and field experiments indicate 
that overwintering virus may be a source of infection for the new crop 
(Johnson and Ogden, 1929). 
Translocation of viruses in infected plants 
There are 2 methods of movement of viruses through plants, a slow 
ce..-zo—cel^ movement and a rapid movement over long distance through 
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vascular tissues. 
Rappaport and Wildman (1957), studying cell-to-cell movement of 
TMV, round that the radius of necrotic local lesions produced in Nicotlana 
glutinosa L. increased In a linear fashion with time. Three virus strains 
had a different rate of spread ranging from 6 to 13 jj/hr. 
It is generally assianed that cell-to-cell spread must take place 
via plasmodesmata (Davison, 1969; De Zoecen and Gaard, 1969). Plasmo-
deamata vary greatly in diameter. Shalla (1959) found a range from 
20 to 200 n]i in young tobacco leaf cells. There is also direct evidence 
for viral particles in plasmodesmata. Esau e£ al. (1967) found character­
istic long flexuous rods of sugar beet yellows virus in plasmodesmata 
of Beta vulgaris. Krass (Krass and Ford, 1969) found maize dwarf mosaic 
vims (MDMV) in plasmodesmata. Crowley e^ al. (1969) found tobacco 
ringspot virus (TRSV) within tubules running through plasmodesmata of 
cells of bean root tip. Virus infection may lead to modification of 
the fine structure of plasmodesmata (Kitajima and Lauritis, 1969). 
The process by which infective material moves from cell to cell 
is unknown, but since viruses themselves are not motile, cytoplasmic 
streaming must play an important part. The form in which virus moves 
is also unknown. Since naked RNA, as well as intact virus, can infect 
healthy cells, either of these for=s ssy be translocated. The "minus" 
strand of viral RUA or the double-stranded viral RNA also may be capable 
of moving from cell to cell to establish an infection site (Matthews, 
1970). 
Economically important diseases are generally produced only in cases 
of systemic virus infections. Therefore, most attention is given 
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to long distance movement of viruses in plants. 
Samuel (1931) used a starch-iodine staining technique to show how 
a yellow strain of TMV first multiplied locally near the point of inocu­
lation, then aoved down the vein and midrib into the stem and subsequently 
became systemic. Samuel's (1934) classic experiments were the first 
to demonstrate that TMV could move rapidly over long distances in tomatoes. 
He inoculated a terminal leaflet and followed the spread of the virus 
with time by cutting up sets of plants into many sections. He incubated 
the pieces for a time to allow virus to increase and then assayed for 
infectivity. Virus first moved to the rc^ts, then to younger leaves. 
There was a considerable delay before older leaves were infected. 
Evidence that TMV and other viruses are translocated over long 
distances in the phloem has been shown in several instances: (a) virus 
flow has been correlated with movement of metabolites in the plant (Bennett, 
1940); (b) Caldwell (1931) interrupted virus translocation by ringing 
a portion of the stem after inoculation; (c) Esau et. al. (1967) have 
presented evidence of masses of sugar beet yellows virus particles in 
sieve elements of £. vulgaris ; (d) Ford and Rosso (1971) presented evidence 
for pea streak virus in xylem vessels of infected peas although they 
have been unable to prove this as an avenue of movement for the virus. 
Chambers and Francki (1966) found characteristic particles of lettuce 
necrotic yellows virus in young xylem ceils of leaf veins but not in 
phloem. Capoor (1949) demonstrated that long distance translocation 
Is apparently not dependent upon a concentration gradient of virus along 
che route, out rather appears to be a rapid and random transport of 
infective material. 
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A number of reports indicate that ipIV may move very slowly upward 
from roots throughout infected plants. Crafts (1951) found that although 
roots of Turkish tobacco were quite susceptible to TMV, long periods 
elapsed between inoculation of roots and appearance of symptoms in shoots. 
Bennett (1940) found that removal of tops of tobacco plants of which 
the roots had been inoculated enhanced symptom appearance in subsequent 
developing leaves. 
R. W. Fulton (1941) made extensive studies of the movement of viruses 
in roots. He compared the behavior of several viruses in roots of a 
number of plants with the same viruses in shoots of the same hosts. 
Differing rates of movement within roots and upward from roots to shoots 
were found, as well as different concentrations in roots than in shoots. 
Ke felt that, in some cases, lower concentrations in roots may have 
been due to the presence of an inhibitor (Fulton, 1941). 
Although the movement of viruses from inoculated leaves to other 
portions of the plant, where viruses produce systemic diseases, is well 
documented, the mode of translocation of viruses from roots to tops 
is not well understood. 
Fulton (1941) was unable to detect movement of TMV upward more 
than a few cm in inoculated roots. Roberts (1950) reported that although 
tomato bushy stunt virus, TMV, and potato virus X (PVX) readily moved 
systemically when inoculated onto roots of young tomatoes, some other 
plants supported only localized virus replication, preventing its movement 
to shoots. 
There is evidence that the race of movement of a number of viruses 
may be directly related to the rate of movement of food materials in 
7 
the infected plant (Bennett, 1940). The rapid rate of movement of TMV 
from aerial plant organs to roots, and the restricted movement in the 
opposite direction support this evidence (Saauel, 1934; Fulton, 1941). 
Tobacco necrosis virus (TNV) behaves similarly in a number of hosts 
(Price, 1932; Bennett, 1940; Fulton, 1941; Yarwood, 1959). 
There are a number of viruses that move at the same rates upward 
from inoculated roots as they do downward to roots from inoculated lea-ves 
(Yarwood, 1959). 
There may also be a third group of viruses whose multiplication 
is limited to either roots or shoots. Yarwood (1959) failed to detect 
increase of TMV in roots of pea, com, cucumber, or carrot. Hutchins 
(1939) reported on the apparent localization of the virus causing phony 
disease of peach in the woody cylinder of roots. Its only means of 
transmission was by root grafts. 
Purification of virus from roots 
Since it is possible that there may be viruses that replicate pref­
erentially in roots, it follows that purification attempts are necessary 
from root tissue. Stanley (1938) studied the possibility of obtaining 
quantitites of virus from plant roots as early as 1930. He maintained 
that with their simpler physiology and lack of chlorophyll, it should 
be easier to separate virus from roots than from leaves of infected 
plants. He found very little difference in the physical properties 
of TMV obtained from roots and shoots. The isoelectric point of TMV 
from roots was slightly lower and the thermal inactivation point was 
somewhat reduced. Yields of TM\' varied from 1/5 as much in tocato roots 
as froc leaves to 1/3 as much from tobacco roots as from leaves. 
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Ford (1964) compared yields of clover yellow mosaic virus (CYMV) 
and Idaho pea streak virus (PSV) 10 days after inoculation of seedlings. 
Re found that pea roots contained 40-70% as much virus as tops. One 
cycle of differential centrifugation could be eliminated when purifying 
CYMV and PSV from pea roots because root sap contained fewer plant com­
ponents after initial clarification. He further felt that chances of 
loss of virus due to aggregation was reduced with root purified virus. 
Virus in or near apical meristems 
In recent years, there has been an increased interest in the study 
of viral replication in apical meristems. There is considerable indirect 
evidence indicating that meristematic tissues of a number of hosts are 
free of viruses (Rollings, 1965). This absence has been capitalized 
upon to obtain healthy plants from virus infected stock by means of 
meristem cultures. However, the percentage of virus-free seedlings 
obtained by this method leads one to suspect that not all meristems 
may be free of viral infections. 
It is difficult to prove the absence of virus in apical regions. 
If one removes small segments, they may have to be allowed to grow so 
that any small amount of virus present will multiply to give an amount 
detectable by assay. 
Smith and HcWhorter (1957) found that mitosis in apical meristems 
of Vicia faba roots and shoots was inhibited by tomato ringspot virus 
(TomRSV). The cucumber strain of TomRSV, in horsebean, invaded the 
root apical meristem completely, resulting in death of the root tip. 
Walkey and Webb (1968), examining squashes of excised apical meristem 
tissue by electron microscopy, were able to show the presence of several 
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viruses in the apicies of various hosts. Appiano and Pennazio (1972) 
found bundles of PVX particles in the shoot meristem tips of infected 
potatoes. 
Viruses that apparently do not infect the shoot apical meristem 
tip cultures include: dahlia mosaic virus in dahlias (Morel and Martin, 
1952), and potato virus A, potato virus Y, potato paracrinkle virus, 
potato virus S, and PVX in potato (Morel and Martin, 1955; Kassanis, 
1957). The virus-free region appeared to be the terminal 100-200 u of 
the shoot for these viruses. In other cases, it may be even larger. 
Clonal sweet potato plants obtained from 6 or 7 meristems 400-1000 u 
long were free of internal ^nrk virus (Nielson, 1960). However, culturing 
the tissue may have led to ^ loss of virus, as kinetin is known to inhibit 
replication of a number of viruses (Matthews, 1970). 
Crowley e^ al. (1969) found differences in concentrations of TMV 
and TRSV in bean root tips. While they were able to recover TRSV from 
the first 0.5 mn of root tip, they were unable to find TMV in the same 
area. These results are opposite earlier findings of Crowley and Hanson 
(1960) that EDTA treatment allowed recovery of TMV from tn® terminal 
0.5 mm of root tips. 
Davison (1969) found TRSV in root meristem cells and root cap cells, 
upon electron microscopic study of bean root tips, supporting the earlier 
report of Crowley e^ al. (1969) that TRSV could be recovered from the 
terminal 0.2 axa of bean roots. 
Smith and Schlegel (1964) studied the distribution of CYMV in root 
tips of Y_' faba. They cut serial sections with the freezing microtome 
and assayed for infectivity. They found the first 400 y of root tip 
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free of virus. 
Physiology of virus-infected plants 
The physiological abnormalities most commonly associated with virus 
infection are: (a) decreased photosynthetic activity; (b) Increased 
race of respiration; (c) accumulation of soluble nitrogen compounds, 
particularly amides; (d) increased activity of polyphenoloxidase and 
accumulation of oxidized polyphenol derivatives; and (e) decreased activity 
of growth regulating substances (Diener, 1963). For the present status 
of research in these areas, one can refer to Diener's review (1963); 
herein, I shall treat the first 3 phenomena. 
Plant viral diseases can be arranged in order of Increased tissue 
reaction to infection. With some virus-host combinations, the physiolog­
ical abberations are so well tolerated by the host tissue that no external 
symptoms appear (Diener, 1963). At the other extreme, the host tissue 
reacts so violently that the tissue dies and in the case of necrotic 
local lesion hosts virus spread is restricted. 
Three broad types of symptoms are evoked in plants systematically 
infected with vii-uses (Kunkel, 1954) : color changes due to pigment 
destruction, growth abnormalities, and lethal effects. 
Color changes typical of most virus diseases indicate that chloro­
phyll is either not synthesized at the same rate as in healthy plants, 
or that some chlorophyll is destroyed as a result of virus infection 
(Roberts et al., 1952; Spikes and Stout, 1955; Zaitlln and Jagendorf, 
1960; Tu e^ , 1968) -
Effects of virus on host photosynthesis and respiration. Studies 
with several viruses have shown a reduction in photosynthetic activity 
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in infected leaves which usually begins some days after infection (Owen, 
1957, 1958; Roberts and Corbett, 1965; Jensen, 1968a; Tu and Ford, 1968; 
Tu et al., 1968). Spikes and Stout (1955) tested the Kill reaction 
in isolated chloroplasts from sugar beet infected with yellows virus 
over a range of light intensities up to 14,000 ergs/sec/cn^. They found 
that both the rate-limiting light and dark reactions were reduced by 
about 50% on an equal chlorophyll basis. 
Most studies on the effect of virus infection on respiration have 
involved measurements of rate of oxygen uptake or CO2 evolution. 
There have bees numerous reports of virus-induced increased res­
piration in systemically infected tissue (Whitehead, 1931; Yarwood, 
1953; Owen, 1956; Loebenstein, 1959; Burroughs et al., 1966; Tu and 
Ford, 1968; Jensen, 1968a, b). There have also been reports of a decrease 
in respiration (Takahashi, 1947), or variable effects, depending on 
conditions and method of expressing results (Owen, 1955a, 1955b, 1957, 
1958). 
With many host virus combinations where necrosis does not occur, 
there is a rise in respiration rate which may begin before symptoms 
appear and continue as the disease develops; later, in systemically 
infected tissue, respiration is often reduced (Takahashi and Hirai, 
1964, 1965). 
Effects on carbohydrate metabolism. Some viruses seem to have 
little effect on carbohydrate levels in leaves while others alter their 
rate of synthesis and/or rate of translocation. 
In the case of mosaic diseases,, reduced levels of carbohydrates 
are characteristic (Wynd, 1943; Bawden, 1950). Infection of potatoes 
12 
with leaf roll virus causes a marked accumulation of carbohydrates in 
leaves, sometimes up to 2-3 times that in healthy plants. There is 
a corresponding decrease of carbohydrates in tubers (Matthews, 1970). 
Murphy (1923) was unable to correlate the point where visible starch 
accumulation first appeared with development of necrosis in phloem, 
although he suggested that starch accumulates in potato leaves as a result 
of impaired function in the phloem. 
Accumulation of starch also occurs in sugar beet leaves infected 
with beet yellows virus (Wynd, 1943; Bawden, 1950). An increase, up 
to 4-fold, has been found in infected diseased leaves. Many workers 
feel that this accumulation is due to reduced translocation in the phloem, 
which develops gumaosis in infected plants. Watson and Watson (1951), 
however, found losses of starch and soluble carbohydrates from infected 
leaves in the darkness as great as from healthy leaves, indicating no 
reduction in translocation. They felt that accumulation of starch in 
infected leaves may have been due to some effect of the virus at the 
cellular level, perhaps changing enzyme activity of systems control­
ling interconversion of different types of carbohydrates. 
The following general conclusions have been made about carbohydrate 
changes from the few diseases that have been studied in detail: (a) 
there is an increase in glucose, fructose, and sucrose in virus-infected 
leaves (Watson and Watson, 1951; Goodman et al., 1965); (b) there is 
a greater increase in these sugars caused by mild strains of a given 
virus compared with severe strains (Goodman et al., 1965). With mere 
severe strains, the tendency for sugars to accumulate may be counter­
balanced by severe effects on the photosynthetic apparatus; and (c) 
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effects of infection on inesophyll cells, which are not yet understood, 
may reduce translocation of carbohydrates out of the leaves. 
Effects on nitrogen metabolism. Since virus replication entails 
the synthesis of virus-specific proteins, disturbances in nitrogen metabo­
lism of infected plants is a consequence of virus infection (Diener, 
1963). "IMV-infected plants contain, in addition to virus, amounts of 
foreign protein serologically related to TMV (Takahashi and Ishii, 1952). 
About 1/3 of the nitrogen content of a tobacco plant infected with TMV 
may eventually be incorporated into the virus (Bawden and Pirie, 1946). 
This proportion may reach 60% in plants receiving large amounts of phos­
phorus and little nitrogen (Holden and Tracey, 1948). Accompanying 
this large increase in virus, there is generally no corresponding increase 
in total nitrogen (Takahashi, 1941) and therefore there is a net breakdown 
in normal proteins. 
The dark green islands of tissue in Chinese cabbage leaves infected 
with TYMV are void of virus and have about normal concentrations of 
Fraction I and Fraction II proteins. The yellow-green islands, on the 
other hand, which contain TYMV, have amounts of Fraction I protein reduced 
by almost 1/2 that of the dark green tissue from the same leaf. At 
the same time, no change in the concentration of Fraction II protein 
is evident. Areas of leaves infected with the "white" strains of TYMV 
were found to have concentrations of Fraction I protein reduced even 
more (Reid and Matthews, 1966). 
Wiidman e^ al. (1949) concluded from eiectrophoretic studies that 
TMV was synthesized at the direct expense of a normal protein fraction, 
designated Fraction I protein- Takahashi (1941) found that TMV synthesis 
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in detached leaves took place in the dark under conditions known to 
cause hydrolysis of normal proteins. Conversely, Holden and Tracey 
(1948) demonstrated that in well fertilized plants, the total nitrogen 
content of TMV-infected plants increased over that of healthy plants. 
Proll (1967), studying the effects of BMV synthesis on nitrogen 
metabolism in infected barley leaves, found a significant increase in 
protein nitrogen, soluble nitrogen, and total nitrogen in inoculated 
primary leaves. However, in systemically infected leaves, protein nitrogen 
decreased while soluble nitrogen and total nitrogen increased. Ford 
and Tu (1969) found that ammonium and amides increased in com infected 
with MDMV and sugarcane mosaic virus. Twelve amino acids also increased, 
3 were variable, and 3 decreased. The changes in amino acids, amides, 
and ammonium concentration were correlated closely with observed severity 
of mosaic symptoms of virus-infected com. 
Several workers have investigated the effects of infection with 
yellows virus on certain nitrogenous fractions of sugar beet plants 
(Henke, 1954; Stundel and Heiling, 1954; Sommer, 1957). Opposite tend-
dencies are found in beets and leaves. Infected leaves contain lesser 
amounts of total nitrogen, protein nitrogen, and soluble nitrogen than 
do healthy leaves, but infected beets contain more of all types of 
nitrogen, particularly soluble nitrogen, than do comparable healthy 
beets; Orlob and Amy (1961) found similar conditions with barley yellow 
dwarf virus leaves and roots. 
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METHODS AND MATERIALS 
Virus replication and translocation 
Sugarcane mosaic virus. The Iowa 74, (A) isolated fros Johnson 
grass (Bu'-rhholtz et al., 1966), and 188, (B) isolated from sweet com 
(Mac Kenzie et al., 1966), maize dwarf mosaic virus strains and SCMV 
'H* (obtained from T. P. Pirone, Louisiana State Univ., Baton Rouge) 
were maintained on sweet com in the greenhouse. Classification of MDMV 
'A' and *B' as strains of SCMV is based on recent serological evidence 
(Snazelle et al., 1971) as well as symptomalogical (Gordon and Williams, 
1970) and host range studies indicating their relatedness (Tosic and 
Ford, 1971). 
Periodic transfers for maintenance of the vims isolates were made 
at 3-4 week intervals. Sweet com was used both as a propagative- and 
systemic assay-host since no reliable local lesion host was available. 
Plants which were shoot inoculated were grown in a steamed loam 
soil:sand:peat mixture (2:1:1) in 4-inch clay pots in the greenhouse 
unless otherwise indicated. 
All inocula consisted of crude plant sap extracted from infected 
com tissue «y grinding leaf tissue with a mortar and pestle in 0.01 M 
phosphate buffer, pH 7.0-7.2, expressing it through gauze, and diluting 
.lo the required concentration (w/v). Six-hundred mesh silicon carbide 
was the abrasive in all inoculating procedures where required. 
Seedlings used for root inoculations were germinated on 24X36-inch 
germinating papers in glass jars covered with plastic bags. The primary 
root of each seedling was inoculated 5-6 days after germination. 
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Roots were Inoculated 5 ways: (a) roots were dusted with silicon 
carbide, then rubbed between forefinger and thumb which had been dipped 
in inoculum; (b) roots were dusted and inoculum was applied with a camel's 
hair brush that had been dipped in inoculum; (c) roots were dusted, 
rubbed between forefinger and thumb to injure them, then immediately 
dipped in inoculum; (d) inoculum was injected into the Steele of the 
root with a hypodermic syringe (25-ga. needle); and (e) inoculum was 
mixed with silicon carbide and then sprayed onto roots with an artist's 
air brush. Control plants were treated similarly, but healthy sap was 
substituted for viral inoculum. 
After inoculation, roots were rinsed with tap water and 4 seedlings 
were planted in each 4-inch clay pot containing vermiculite. The pots 
were then placed in plastic trays and watered from beneath. The water 
was replaced twice weekly with 1/2 strength Eoagland's solution (Johnson 
et al., 1957). 
Seedling parts were assayed at regular intervals, daily for the 
first 7-10 days and then at 3-day intervals, to determine if the virus 
had replicated in the roots and/or had moved to the shoots of inoculated 
seedlings. At least 10 seedlings were assayed at each interval and 
10-12 com seedlings were used as systemic assay hosts for each plant 
part assayed. 
Assay plants were at the 2- to 3-leaf growth-stage when inoculated. 
After inoculation, they were rinsed with tap water and kept in a 25* 
greenhouse for 15-20 days. Then presence or absence of systemic symptoms 
was recorded. 
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A number of experiments also were done where presence or absence 
of virus was determined by the appearance of foliar symptoms on root 
inoculated seedlings. These seedlings were kept in the greenhouse up 
to 60-70 days before final readings were made to preclude any chance 
of failing to detect replication solely because of slow virus movement. 
Effect of temperature on replication and translocation of SCMV. 
Temperature effects on replication in roots and translocation from roots 
to shoots were tested at 10, 15, 21, and 26°. 
Plants were germinated on blotters, dusted with silicon carbide, 
and inoculated by rubbing between thumb and forefinger which had been 
dipped in inoculum. They were then maintained in controlled environment 
growth chambers at one of the 4 temperatures for the duration of the 
test. Growth chambers were programmed for 14 hr of light (1200 ft-
c) and 10 hr of dark, which was 1-2* lower than the day temperature. 
Plants to be assayed were removed from the growth chambers at predetermined 
intervals and assayed on indicator hosts in the greenhouse. 
Bromegrass mosaic virus. The South Dakota isolate of bromegrass 
mosaic virus (BMV) (Stoner et al., 1967; Ford et al., 1970) was maintained 
in the greenhouse on 'Lucas' wheat. Periodic transfers were made to 
com to insure that infective virus was present in the reservoir host. 
All seedlings to be inoculated were treated as mentioned for com. 
They were dusted with silicon carbide and inoculated by rubbing between 
thumb and forefinger which had been dipped in inoculum. Lucas wheat, 
'Golden Bantan' sweet com, and 'California red' oats were used as propa-
gative hosts. 
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Golden Bantam sweet com vas used as a systemic assay host. Leaves 
of assay com were inoculated at the 1- to 2-leaf stage and virus repli­
cation was evidenced by either local lesions, severe necrosis, or complete 
collapse of infected shoots. Results of assays were recorded 10-12 
days after inoculation. 
Effects of temperature on replication and translocation of BMV. 
Wheat and com were used to test the effects of temperatures ranging 
from 10 to 26° on replication and translocation of BMV in roots. 
Plants were germinated on blotters and roots were inoculated by 
dusting with silicon carbide and rubbing between thumb and forefinger 
which had been dipped in inoculum. They were placed in growth chambers 
under the same conditions as those used to check the effect of temper­
ature on SCMV replication. Plants for assay were removed from growth 
chambers at predetermined intervals and assayed on indicator hosts in 
the greenhouse. 
Clover yellow mosaic virus. Pratt's B strain of CYMV (Pratt, 1961) 
was maintained in the greenhouse on Vinca rosea L. Periodic transfers 
were made to garden pea (Pisum sativum L.) and Gomphrena globosa L. 
to insure that infective virus was present in the reservoir host. Gomphrena 
globosa was the local lesion host; 'Wilt Resistant Perfection' pea was 
the prcpagative host. 
Pea seedlings used for shoot inoculation were grown in the steamed 
soil mixture in 4-inch clay pots in the greenhouse unless otherwise 
indicated. 
Gomphrena globosa seedlings were germinated in vermiculite and 
then transferred to, and grown in, soil in 4-inch clay pots, 1 plant/pot. 
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Axillary buds were removed periodically to allow maximum expansion of 
8 leaf-pairs. 
Pea seedlings used for root inoculations were germinated on 24X36-
inch autoclaved germinating papers in glass jars covered with plastic 
bags. The primary root of each seedling was inoculated 6-7 days after 
germination. All 5 techniques used for inoculating com roots with 
SCMV were used also for pea root inoculations. Control plants were 
treated in the same manner, substituting healthy sap for Inoculum. 
Following inoculation, roots were rinsed with tap water and 4 seed­
lings were planted in each 4-inch clay pot containing vermiculite. The 
pots were placed in plastic trays, 8 pots/tray, and watered from beneath 
in order to maintain proper moisture conditions. Plants were given 
nutrient supplements twice weekly which consisted of 1/2 strength 
Hoagland's solution (Johnson et al., 1957), 
Seedling roots and shoots were assayed at predetermined intervals 
to detect when the virus had replicated in the roots and/or had moved 
to the shoots. 
In the first group of experiments, at least 10 seedlings were assayed 
at each interval. The opposite leaf technique (Rochow et al., 1955) 
was used with a purified preparation of CYMV serving as the standard 
reference in each Instance. Tissue was diluted on a weight/volume basis 
with 0.01 M phosphate buffer (pH 7.0-7.2) and inoculated onto 8 leaves. 
After I established that CYMV increased in roots and moved to shoots, 
relative virus concentrations in root and shoot were determined. 
Twelve uniform G_. globosa plants were selected, their leaves were 
marked for reference, and inoculum dilutions were rubbed onto each leaf 
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with a small piece of gauze which had been dipped In inoculum. Leaves 
were rinsed with tap water after inoculation and kept in the greenhouse. 
All inoculations were made between 1 and 4 p.m. to reduce variations 
in sensitivity of plants at different times of day. Lesions were counted 
10 days after inoculation. Lesion counts were made from all leaves 
having less than 300 lesions, greater numbers were estimated. 
Effects of temperature on replication and translocation of CYMV. 
Pea seedlings were used to test the effects of temperatures ranging from 
10 to 26" on replication and translocation of CYMV in roots. 
Plants were germinated on blotters and roots were inoculated by 
dusting with silicon carbide and rubbing between thumb and forefinger 
which had been dipped in Inoculum. They were then placed in growth 
chambers at one of the 4 temperatures previously mentioned and maintained 
for the duration of the experiment. Plants which were assayed were 
removed from growth chambers at predetermined intervals and assayed on 
indicator hosts in the greenhouse. 
Physiology of affected plants 
The effects on host physiology of SCMV, BMV, and CYW were deter­
mined. Com and pea seedlings were grown in vermiculite in 4X2X18-inch 
plastic pans. Seedlings were watered with Hoagland's nutrient supplements 
twice weekly. Forty-five seeds were sown in 3 rows in 3 Inches of vermic­
ulite. 
Twenty pans of Golden Bantam sweet com were sown. Six pans were 
shoot inoculated with SCMV (MDMV B) at the 2-leaf stage to provide 2 
replications of each treatment. Eight pans of plants inoculated with 
healthy sap served as controls. 
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Two pans of healthy plants harvested 1 hr after inoculation served 
as healthy controls (HO). Two pans of healthy seedlings were harvested 
4 (54), 8 (H8), and 12 (H12) days after inoculation and 2 pans of SCMV-
infected seedlings were harvested 4 (S4), 8 (S8), and 12 (S12) days 
each after inoculation. The remaining 6 pans of sweet com were inoculated 
with BMV. These were harvested 4 (B4), 8 (B8), and 12 (B12) days after 
inoculation. 
Fourteen pans of 'Wilt Resistant Perfection' pea seeds were sown 
as the com had been. Six pans of pea seedlings were inoculated with 
CYMV at 4 (C4), 8 (C8), and 12 (C12) days after inoculation. The other 
8 were mbbed with healthy sap for controls. Pea seedlings were harvested 
in the same manner as were the com seedlings. The seedlings from each 
pan served as 1 treatment. These plants were counted and separated 
into plant parts: roots, shoots, and seeds. Fresh weights and number 
of plants were recorded and all parts were placed in 95% ethanol for 
storage. 
After all treatments were collected, the plant parts were ground 
in a blender in 80% ethanol and filtered through No. 1 Whatman filter 
paper. The residue was washed thoroughly with 80% ethanol and the alcohol 
soluble portion was diluted to a known volume with 80% ethanol. The 
residue was removed from the filter paper, dried for 24 hr at 105*, 
and ground in a Wiley mill. 
The soluble fraction from each part was analyzed for total nitrogen 
(mainly :ree amino acids), reducing sugars, and sucrose. The insoluble 
material was analyzed for total nitrogen (protein) and carbohydrates 
(starch). Each treatment was replicated 3 times. 
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A split-plot design analysis of variance was used to analyze dif­
ferences in carbohydrate and nitrogen levels in healthy and infected 
seedlings. 
Total nitrogen determination. Nitrogen was determined by the micro-
Kjeldahl procedure which involves 2 steps: (1) digestion to transfer 
all organic nitrogen to the ammonium salt, and (2) determination of 
the ammonium by Nesslerization (Miller and Houghton, 1945). 
About 10 mg of the ethanol insoluble residue was weighed and placed 
in a digestion flask. One ml of the digestion mixture (1:1 concentrated 
H2S04:H20) was added and digestion was begun, slowly at first, and then 
the solution was heated until it became clear. 
One ml or more, depending on the dilution of the extract, of the 
ethanol soluble material was added to a digestion flask. The solution 
was heated to drive off the ethanol and water. One ml of the digestion 
mixture was then added and the mixture was allowed to digest as indicated 
previously. After digestion was complete, the solution was cooled and 
diluted by adding 9 ml of water. One ml of the diluent was placed in 
a colorimeter tube, then 2 ml of water and 3 ml of Ness1er's reagent 
were added. After 10 min, the absorbance was determined at 420 nm with 
the Spectronic 20 spectrophotometer. A blank, treated as samples but 
containing only water, run simultaneously as the control which was used 
to zero the spectrophotometer before each sample wac checked. 
A standard curve was prepared by placing known amounts of amonium 
sulfate solutions in the digestion flasks and processing them identi­
cally to samples. Twelve samples were included to get a standard curve 
in the range of 0-500 yg of nitrogen. 
23 
Reducing sugar determination. Ethanol was evaporated from 25 ml 
portions of the ethanol extracts by placing beakers containing the samples 
under a forced air stream over night. The residue was washed twice 
with chloroform and the chloroform discarded. The remaining residue 
was dissolved in 75 ml of water plus 3 ml of chloroform. The chloroform 
was added to remove all residue from the beakers as all lipids were 
not removed by the chloroform washes. 
All samples were run through ion exchange columns before reducing 
sugar determinations were made on them to reduce the possibility of 
erroneous results magnified by reducing groups In the alcohol soluble 
portion other than reducing sugars. 
Ten ml portions of the ethanol soluble extract which had been evap­
orated, washed with chloroform, and resuspended in water, were run through 
10X80 mm Dowex D1 and then D50 resin beds. The columns were washed 
3 times with distilled water and the washes combined with the original 
samples. To 0.5 ml portions of this extract, 0.5 ml of water and 1 ml 
of color reagent were added. The mixture was heated 5 min in boiling 
water, cooled, and the absorbance at 540 nm was recorded. A standard 
curve for glucose was prepared with 0-3.0 yM of glucose. 
Chromatography of sugars. A 23X55-cai sheet of Whatman No. 1 chro­
matography paper was prepared for descending chromatography. One-half 
ml of the ethanol soluble extract was transferred to a test tube and 
air dried. When dry, 2 drops of water were added to the tzst tube and 
the mixture was transferred to the chromatogram with a melting point 
capillary. After all liquid was removed from the tube," 2 more drops 
of water were added and again transferred to the chromatogram. Two 
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samples of 2 standard sugar mixtures were added to each chromatogram 
which contained glucose, sucrose, fructose, and maltose. The chromato-
graas were placed in tanks which had been equilibrated with solvent 
and 60 ml of solvent (ethyl acetate:pyrldine:water; 10:4:3) was added 
to the trough containing 2 chromatograias each. 
The chromatograms were allowed to develop for 24 hr, then placed 
in a hood to dry. After drying, they were sprayed with p-anisidine 
(0.5 g + 2 ml H3PO4 in 50 ml ETCH and filtered) in a hood, dried, and 
then heated to 95' for 5 min to develop the spots. 
Sucrose determination. Two and one-half units of invertase were 
added to 1 ml portions of the water soluble solutions. The mixture 
reacted 1 hr at room temperature, then a reducing sugar test was per­
formed as indicated above. A reducing sugar test was also performed 
on samples not incubated with invertase. 
A standard curve was prepared for sucrose with concentrations from 
0 to 3.0 yM. A reducing sugar test was done also on invertase. 
Starch determination. Approximately 10 mg of the ethanol insoluble 
residue was weighed out into a test tube. Ten ml of H2O was added and 
the mixture was heated in a boiling water bath for 30 min to solubilize 
the starch. The tubes were cooled and returned to their original volume 
with H2O. Each tube of solubilized starch was filtered through No. 
1 Whatman filter paper to remove the undissolved material. The starch 
content of the filtrate was determined by placing 1 ml in a colorimeter 
tube and adding 1 ml of the I2-KI solution and 3 ml of H2O. (The I2-KI 
solution was prepared by making an iodine stock solution consisting 
of 6 g KI, 600 Tsg I2, and 100 ml H2O. The final reagent was prepared 
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by diluting 1 ml of the stock to 100 ml with 0.05 N SCI.) Absorbancy 
of samples was determined at 620 ym following addition of the I2-K.I 
solution. Â standard curve was prepared using a solution of potato 
starch 1 mg/ml extracted the same as the samples. 
Purification 
Sugarcane mosaic virus. The MDMV-B strain of SCMV was purified 
from roots and shoots of systemically infected sweet com seedlings 
by a procedure developed in this laboratory (Tosic et al., submitted 
for publication). 
Com seedlings were grown in the soil mixture and/or vermiculite 
and were inoculated at the 2-3 leaf stage. The seedlings were allowed 
to grow for 15-20 days in the greenhouse with supplemental lighting. 
The soil and/or vermiculite was then removed from the roots by gently 
rinsing them in a tub of running tap water. This allowed most of the 
soil and silt to settle out and any particles which tended to adhere 
to the roots could be removed by gently rubbing roots between one's 
fingers. 
Roots and shoots were collected in separate plastic bags, stored 
overnight at 4*, then processed. 
Tissue was weighed and ground in a prechilled blender with equal 
volumes of cold O.Cl H phosphate buffer (pH 7.0). The brie was squeezed 
through 4 layers of gauze, the pulp discarded, and the liquid centrifuged 
at 1000 ^  for 10 min in the Sorval RC2B perparative centrifuge. The 
supematant was collected and the residue discarded. 
The pH of the supematant was adjusted to 4.7 with 1 N HCl and 
the solution was again centrifuged at 1000 ^  for 10 min. The super-
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nacant vas collected and the pellet was discarded. Iimedlately after 
centrifugatioo, the supernatant was adjusted to pH 7 with 5 N NaOH and 
the material was again centrifugea at 1000 ^  for 10 min. The residue 
was discarded and the remaining supernatant was homogenized with 32 
(v/v) chloroform for 2 min in a blender at 4°. The homogenate was centri-
fuged at 3000 ^  for 15 min, the supernatant collected, and the pellet 
discarded. The chloroform treatment was repeated 3 times. After the 
3 treatments, the remaining pale amber solution was centrifuged at 78,000 
^ for 120 min in a Beclcman Spinco L-4 ultracentrifuge. The supernatant 
was discarded and the pellets were resuspended in 0.01 M phosphate buffer 
(pH 7.0) by either letting them set for 4 hr at 4° or by homogenizing 
them inmediately in a glass honogenizer. Samples were resuspended in 
l/20th the original volume of buffer and centrifuged at 12,000 ^  for 
10 min. The pellets were discarded and the supernatant layered onto 
15 ml of 30% sucrose and centrifuged at 78,000 ^  for 3 hr. The supernatant 
was discarded and the pellets were resuspended in 2-3 ml of 0.01 M ohos-
phate buffer (pH 7.0). A portion of this preparation was analyzed spectro-
photometrically and assayed onto host plants to determine virus content 
and infectivity of the purified material. 
Another portion of the preparation was layered onto 4.5 ml of CsCl 
in polypropylene tubes and centrifuged at 189,000 ^  in a Beckman SW50.1 
rotor for 24 hr. Virus bands were removed after density gradient centri-
fugation, scanned with an Isco UV analyzer, and dialyzed against cold 
phosphate buffer overnight. The amounts of virus in roots and shoots 
were compared by making particle counts with the aid of an electron 
microscope. 
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Bromegrass mosaic virus. The South Dakota isolate of BMV was purified 
from Lucas wheat, Moore barley, and Golden Bantam sweet com. 
Seedlings were grown in vermiculite or the soil mixture, and were 
inoculated 2-3 days after emergence. Those grown in vermiculite were 
given nutrient supplements twice weekly; those grown in soil were fertilized 
once weekly. 
Shoots of seedlings were inoculated by rubbing inoculum onto silicon 
carbide dusted leaves with a pestle as previously indicated. 
Com seedlings were inoculated at the 1-2 leaf stage and harvested 
10-22 days later. Wheat and barley seedlings were inoculated 2-3 days 
after emergence and harvested 12-15 days later. 
Soil and/or vermiculite were removed from roots by gently soaking 
and rinsing roots as previously indicated. Tissue was then separated 
into root and shoot fractions and frozen until purified. 
Tissue was purified following the purification schedule of Bockstahler 
and Kaesberg (1962). Fresh or frozen tissue was blended with an equal 
volume of 0.2 M pH 4.8 acetate buffer (slightly less in the case of 
root tissue because of the large liquid/solid ratio), expressed through 
cheesecloth, and allowed to stand overnight at 4°. It was further purified 
and concentrated by 2 or 3 cycles of differential centrifugation. Pellets 
were resuspended in 0.1 M pK 5.0 acetate buffer and stored at 4°. 
Clover yellow mosaic virus. Pratt's 'B' strain of CYMV was purified 
from roots and shoots of infected pea seedlings. Seedlings were grown 
in either vermiculite or soil and were inoculated 2-3 days after emer­
gence. Inoculum was applied to silicon carbide dusted leaves by dipping 
a pestle in infected sap diluted with phosphate buffer and rubbing inoculum 
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onto one or more expanded leaves. Plants were rinsed with distilled 
water and placed in the greenhouse for 12-16 days. Then they were harvest­
ed and divided into roots and shoots for comparative purification. Soil 
or vermiculite was removed from roots by gently rinsing them in running 
water as previously indicated. Tissue was either used immediately for 
purification or stored until needed in a freezer at -14°. 
Clover yellow mosaic virus was purified by grinding fresh or frozen 
tissue in 1 volume of 0.01 M phosphate buffer pH 7.0 in a blender. The 
tissue was then expressed through 4 layers of cheesecloth and the liquid 
collected. The solids were discarded. The liquid was centrifugea at 
3000 ^  for 10 min, the supernatant was saved and the green pellet was 
discarded. 
Attempts were made to remove chlorophyll and other plant proteins 
by heating the supernatant at 40° for 30 min. Attempts were also made 
to remove chlorophyll and plant proteins after the first low speed centri-
fugation by adding chloroform to final concentrations of 3-50% to the 
supernatant and blending for 2 min. 
After chloroform treatment, the mixture was centrifugea at 3000 
^ for 10 min; the upper supernatant was collected for further treatment 
and the solid pellet and green lower layer were discarded. The super­
natant was centrifuged for 120 min at 78,000 The supernatant was 
discarded and 1/20 of the original volume of buffer added to the pellets. 
Pellets were either allowed to resuspend overnight or were resuspended 
immediately by homogenizing in a glass homogenizer. The solution was 
then centrifuged at 3000 ^  for 10 min and the pellet discarded. The 
supernatant was centrifuged at 234,000 ^  for 60 min. Following this 
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treatment, the supernatant was discarded after assay and the pellet 
resuspended in 1-2 ml of buffer. After the pellets had resuspended, 
they were centrifuged at 3000 ^  for 10 =in and the supernatant was layered 
on sucrose or CsCl gradients. 
Following density gradient centrifugation, the material was analyzed 
with the aid of an ISCO UV analyzer, the fractions collected, UV scans 
made on all fractions with the aid of the DBG spectrophotometer, and 
bands were dialyzed against buffer for assay on indicator hosts. Yields 
of virus were based on infectivity assays and UV scans which could be 
interpreted as to yield in mg/100 ml. 
Electron microscopy 
Root tips of infected plants and root tips of healthy plants of 
the same age were removed at various times after inoculation and prepared 
for electron microscopic study. Plants used for microscopic study of 
roots were grown in vermiculite in 4-inch clay pots. 
Five to 10 lan segments of root tips were fixed in 3% gluteraldehyde 
buffered with 0.1 M phosphate buffer, pH 6.8, postfixed in 1% OSO4, 
dehydrated in ethanol, and embedded in Aryldite-Epon. 
The material was sectioned (1 u thick) with glass knives and sections 
were stained and examined for orientation of sections in the tissue 
under study. Thin sections (600-700 A) were then made with a diamond 
knife. These sections were floated onto 100—mesh forravar coated copper 
grids, stained with uranyl acetate and/or lead citrate, and examined 
with either an RCA3C or HUllC electron microscope. 
Sugarcane mosaic virus. Root tips of com and Johnson grass were 
examined for the presence of viral inclusions. Com roots infected 
vlrn the '5* strain were fixed and enbedded 8, 12, 24, and 90 days 
after inoc-olation. Johnson grass roots infected with the MIWV 'A' strain 
were fixed, embedded, and examined 90 days after inoculation. Portions 
of sature root tissue also were fixed and examined. 
Segments of roots, from which tips had been removed, were assayed 
for infectivity and only those proving infective were embedded for electron 
microscopy. 
Broaegrass aosaic virus. Corn, wheat, and oat root tips were examined 
for the presence of 3MV. Wheat and com roots were fixed and embedded 
3, 12, 15, and 24 days after inoculation. Oat roots were fixed and 
embedded 24 days after inoculation. 
One group of wheat roots was stained during dehydration of the 
tissue. This staining treatment was used to preferentially stain virus 
particles without staining ribosomes (Hills and Plaskitt, 1968). One 
group of samples had all dehydrating alcohols saturated with uranyl 
acetate, a second group had only the 95 and 100% ethanol steps saturated 
with uranyl acetate. A third control group was fixed without staining 
the tissue during dehydration. 
Portions of roots were assayed for infectivity as previously 
indicated. 
Clover yallsv sosalc virus. Pea root tips and portions or mature 
root tissue were examined for the presence of viral inclusions. Infected 
roots were fixed 8, 12, 16, and 24 days after inoculation, and prepared 
for observation as previously described. 
Portions of roots were assayed for infectivity as previously 
indicated. 
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RESULTS 
Virus replication and translocation 
Sugarcane mosaic virus. Atteints to mechanically infect corn roots 
with MDMV 'A' and 'B* strains of SCMV were largely unsuccessful. A very 
small percentage of seedlings did display systemic symptoms after root 
inoculation (Table 1). All inoculation techniques resulted in infection 
of leaves, which were inoculated as checks, but none was superior in 
attempts to inoculate roots. Temperature treatments were equally un­
successful, as no plants became infected at any of the temperatures 
tested following roof inoculation. 
SCM\' was recovered from roots of shoot-inoculated seedlings. Virus 
could be recovered from leaves 3 days after inoculation, with maximum 
titer of 2X10*3 obtained 6-7 days after inoculation. Very little virus 
was recovered from roots, with first recovery 6 days after shoot inoculation 
and maximum titer of 5X10"^ (Fig. 1). 
Bromegrass mosaic virus. Translocation of BMV from roots to shoots 
was studied in Lucas wheat, since it did not move from inoculated roots 
of corn. The rubbing technique (a) worked well for inoculating roots, 
giving a consistently high percentage of infection, and was therefore 
used for all subsequent root inoculations. 
Bromegrass mosaic virus was detected in wheat roots 3 days after 
inoculation, and was first recovered from shoots 6 days after root 
inoculation. Virus increase in roots was somewhat restricted, with 
a n^aximua titer of 5X10"^ attained 12 days after inoculation. Virus 
increase in shoots was rapid, with a maximum titer of 5X10"^ reached 
25 days after root inoculation (Fig. 2). 
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Virus mechanically inoculated onto corn roots was never recovered 
from shoots of inoculated seedlings- Virus was detected in roots 
2 days after inoculation and could be recovered from roots until the 
20th day. The percentage of roots yielding BMV was greatest 12 days 
after inoculation rapidly dropping to near 0 by the 16th day (Table 2). 
Temperature treatments of wheat seedlings after inoculation showed 
that higher temperatures increased the rate of translocation of 3MV 
from roots to shoots while lower temperatures decreased it (Fig. 2). 
Corn seedlings were temperature treated to test whether some limiting 
factor could be overcome, thereby inducing translocation of BMV from 
corn roots to shoots. Those treatments were unsuccessful; BMV was 
never recovered from shoots of root inoculated seedlings. 
Clover yellow mosaic virus. Attempts to mechanically inoculate 
pea roots with CYMV were equally successful by all 5 methods (Table 3). 
A consistently high percentage of roots were infected by dusting silicon 
carbide on roots, then rubbing on inoculum between thumb and forefinger 
(a); thus, that technique was used for all subsequent inoculations. 
Virus was recovered from roots 3 days after inoculation, with 
a rapid increase in titer thereafter and a maximum titer of 1X10"^ 8 
days after inoculation. Virus was recovered from shoots 6 days after 
root inoculation and a maximum titer of 2.5X10"^ attained 25 days 
after inoculation (Fig. 4). Infected plants were necrotic by 20 days 
after inoculation and were usually dead by 40 days after inoculation. 
Roots of inoculated seedlings were severely browned by 15 days after 
inoculation, indicating a possible buildup of phenolics. 
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High temperature treatments increased translocation rate of virus 
from roots to shoots while low temperatures decreased it (Fig. 5). 
When root inoculated seedlings were placed at 26° in a controlled 
environment chamber, CYMV was recovered from shoots 4 days after root 
inoculation. At 20°, CYMV was recovered from shoots 5 days after 
inoculation. At lower temperatures, the translocation rate decreased 
so that it took 8 days to recover virus from shoots of seedlings kept 
at 15° and 9 days at 10°. 
Virus could be recovered from roots 3 days after inoculation 
at all 4 temperatures tested. 
Physiology of affected plants 
Sugarcane mosaic virus. Corn seedlings which had been shoot-
inoculated with MDMV 'B' strain of SCMV were used for all physiology 
experiments. Seedlings were 13 days old when inoculated and 25 days 
old when the last treatment was harvested. 
Nitrogen content. Although total nitrogen content of infected 
seedlings did not change appreciably from that of healthy seedlings 
when computed on gram fresh weight and gram dry weight basis, some 
significant changes occurred in the proportion of residue and soluble 
nitrogen between healthy and infected seedlings (Table 4). 
Four days after inoculation, there was a 32% decrease in soluble 
nitrogen and a 10% increase in residue nitrogen in infected shoots. 
As residue nitrogen made up the majority of total nitrogen, there 
was no significant change in total nitrogen in shoots 4 days after 
inoculation. 
Eight days after inoculation, there was a 212 increase in residue 
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nitrogen and a 12% reduction in soluble nitrogen in infected shoots, 
giving an overall increase in total nitrogen of 14%. Twelve days 
after inoculation, symptoms of infection were present. Soluble nitrogen 
content of healthy and infected shoots was the same; however, there 
was a 32% decrease in residue nitrogen in infected shoots. 
Changes in total nitrogen in roots followed a similar pattern 
to that observed in shoots (Table 4), with a greater reduction in 
soluble nitrogen 8 day after inoculation (44%) and 12 days after inocu­
lation (88%). The ratio of residue nitrogen to soluble nitrogen was 
less in roots than in shoots, therefore, these changes in soluble 
nitrogen resulted in greater changes in total nitrogen than that observed 
in shoots. 
Soluble and residue nitrogen per plant was reduced in roots and 
shoots in proportion to the reduction in total weights of infected 
plants as compared to healthy. 
Total carbohydrates. Carbohydrate levels are based on fresh 
weight determinations, as plants were young enough that no significant 
differences were noted between fresh weight and dry weight determin­
ations in Table 4. 
Soluble carbohydrate levels were reduced 32-59% in infected shoots. 
These changes in both sucrose and reducing sugar were proportionally 
the same with the greatest reductions observed 4 days after inoculation 
(S4/K4) (Table 5). 
Total soluble carbohydrate levels in roots were also reduced 
but not as marked as in infected shoot tissue. However, there were 
greater reductions in sucrose content of infected roots than observed 
35 
in infected shoots (Table 5). 
A 40% reduction in starch content was noted in all infected shoots. 
Reductions in starch content of root tissue were not large enough 
to be significant. Total carbohydrate (sugar + starch) content of 
infected shoots was reduced as much as was starch content. Infected 
roots showed a significant reduction in total carbohydrates only 4 
and 8 days after inoculation. 
Bromegrass mosaic virus. Corn seedlings used for these studies 
were the same age as those used for SCMV studies and all treatments 
were identical. 
Nitrogen content. Nitrogen metabolism was altered more markedly 
by BMV than it was by SCMV (Table 5 and 6). Four days after Inoculation 
(B4), a 17% decrease in soluble nitrogen was observed in shoot tissue. 
Eight days after inoculation (B8), when symptoms were beginning to 
appear, an increase in soluble and residue nitrogen was observed. 
Twelve days after inoculation (B12), soluble nitrogen content was 
increased 108% in infected seedlings and residue nitrogen was increased 
332 (Table 6). This led to an increase in total nitrogen of 46%. 
Although there were imbalances in soluble and residue nitrogen 4, 
8, and 12 days after inoculation, these changes did not lead to an 
accumulation of total nitrogen in infected seedlings until 8 and 12 
days after inoculation. 
Changes in nitrogen levels in roots were similar to those observed 
in shoots. Soluble nitrogen first decreased (B4) and then increased 
although not as markedly as observed in shoots (Table 6). Changes 
in total nitrogen, again, were not significant until 12 days after 
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inoculation (B12). 
Total carbohydrates. Carbohydrates generally accumulated in 
shoots of BMV-infected corn seedlings. There was a 37% reduction 
in sucrose content 4 days after inoculation (B4) but this was reversed 
by 8 (B8) and 12 (B12) days after inoculation (Table 7). There was 
a 91% increase in sucrose content in infected shoots 12 days (B12) 
after inoculation. Reducing sugar content increased 29% 4 days after 
inoculation (B4), 55% 8 days (B8), and 82% 12 days (B12) after inocu­
lation. Starch content also increased in infected tissue; 48% 4 days 
after inoculation (B4), 28% 8 days after inoculation (B8), and 37% 
12 days after inoculation (B12). This resulted in an accumulation 
of total carbohydrates in all infected shoot tissue. 
Results of root assays were more erratic than were those of shoots. 
Four days after inoculation (B4), sucrose content decreased 73% in 
BMV-infected roots. However, 12 days after inoculation, there was 
a significant increase in sucrose content in infected tissue= Reducins 
sugar content Increased 3-fold 4 days after inoculation, remaining 
higher than in healthy tissue 8 days after inoculation, then it decreased 
to 80% of healthy tissue 12 days after inoculation (Table 7). Thus 
total soluble carbohydates increased in infected roots 4 and 8 days 
after inoculation with no change 12 days after inoculation. Starch 
content, conversely, decreased each date sampled in infected roots 
resulting in a reduction in total carbohydrates in infected roots. 
Clover yellow mosaic virus. Pea seedlings infected with CYMV 
were treated in the same manner as corn seedlings used for physiology 
studies. Data are presented on gram fresh weight basis as preliminary 
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interpretation on gram dry weight basis and per plant basis showed 
no differences from gram fresh weight plots. 
Nitrogen content « Clover yellow mosaic virus has similar effects 
on both residue and soluble nitrogen levels in infected pea shnots 
(Table 8). Nitrogen levels decreased 4 days after inoculation, then 
increased 8 and 12 days after inoculation, resulting in an accumu­
lation of total nitrogen (Table 8). 
Nitrogen content of infected roots decreased at each sampling 
date. Four days after inoculation (C4) residue nitrogen content decreased 
16% and soluble nitrogen content decreased 23%. This trend was also 
observed 8 (C8) and 12 (C12) days after inoculation, leading to a total 
reduction of nitrogen in all infected roots (Table 8). 
Total carbohydrates. Sucrose levels increased at 4 (C4), 8 (C8), 
and 12 (C12) days after inoculation in infected pea shoots (Table 9). 
Reducing sugar content increased 4 days after inoculation (C4), remained 
the same as healthy 8 days after inoculation (C8), and decreased in 
infected tissue 12 days after inoculation (C12). Therefore, total 
soluble carbohydrates accumulated in infected shoots 4 and 8 days 
after inoculation with no change between healthy and infected shoots 
12 days after inoculation. 
Starch content increased in infected shoot tissue on all dates. 
The greatest accumulation occurred 8 days after inoculation (C8) (Table 
9). The large accumulation of starch in infected shoots offset the 
decline in soluble carbohydrates, resulting in an increase in total 
carbohydrates on all sampling dates (Table 9) .  
Infected roots contained more soluble carbohydrates but less 
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starch than did healthy roots (Table 9). Sucrose content of infected 
roots was 3-4 times more than that extracted from healthy roots. Reducing 
sugar content of infected roots was also higher than comparable healthy 
roots 8 and 12 days after inoculation. Starch content decreased on 
all sampling dates and since starch comprised the majority of all carbo­
hydrates in the roots, this reduced total carbohydrates at 4, 8, and 
12 days after inoculation (Table 9). 
Purification 
Sugarcane mosaic virus. Attempts to purify the MDMV 'B' strain 
of SCMV from roots of infected com seedlings were unsuccessful. Although 
2 mg of virus could be recovered from 100 g of infected shoot tissue, 
none could be recovered from infected root tissue (Table 10). Negatively 
stained preparations of purified pellets from roots, examined with 
the electron microscope, did not contain flexuous rods which were always 
present in purified pellets from shoot tissue. 
Virus purified from leaves and subjected to CsCl density gradient 
centrifugation gave a UV spectrum characteristic of rod-shaped viruses 
containing 5% nucleic acid (Fig. 6). Ultraviolet spectrophotometric 
analysis of similar preparations from root tissue gave no such spectra 
(Fig. 6). Purified preparations of shoot tissue were infectious when 
assayed onto sweet com seedlings while root preparations were not. 
Bromegrass mosaic virus. Yields of BMV were compared from roots 
and shoots of sweet com and barley (Table 10). No modifications of 
the existing purification procedures were needed to obtain virus from 
infected roots. Virus yield varied with age of tissue and host, with 
an average yield of 12 mg/100 g of infected com roots and 25 mg/lÛO g 
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of corn shoots (Table 10). Virus yields from barley were higher than 
those obtained from com (Table 10). Roots gave average yields of 
25 mg purified virus/100 g infected tissue and shoots gave yields of 
100 mg/100 g tissue (Table 10). 
Clover yellow mosaic virus. Purification of CYMV from pea roots 
required modification of previously employed techniques (Agrawal et 
al., 1962; Pratt and Reichmann, 1963). Host protein was the major 
contaminant encountered. Chloroform treatment worked well for removing 
host protein and also removed chlorophyll which was a major contaminant 
of pellets obtained from shoot tissue. Heating was not successful 
for clarifying virus preparations, as the virus was too sensitive to 
heating to allow separation of host protein from virus protein by this 
technique. Virus yields from infected pea roots were consistently 
as high as those obtained from shoot tissue following our modified 
clarification techniques (Table 10). Chloroform treatment decreased 
yields from infected shoots; however, those reductions were more than 
counterbalanced by the quality of the purified virus obtained upon 
utilization of chloroform for clarification (Fig. 7). 
A comparison of dry and fresh weights of roots and shoots was 
made to more nearly equate virus yields. As large amounts of water 
were used for rinsing roots, they were consistently heavier than ac­
companying shoots. Dry weights of shoots averaged 6.4% of fresh weights, 
while dry weights of roots averaged only 4.4%. This meant that less 
buffer could be used for clarification of root tissue than for shoot 
tissue. 
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Electron microscopy 
Sugarcane mosaic virus» Only a small percentage of corn root 
tips that were examined in thin section showed direct evidence of viral 
replication as exemplified by pinwheel and/or crystaline inclusion 
bodies. However, although viral inclusions were not found in many 
infected root tips, there were other ultrastructural changes observed 
in infected roots within a few days after inoculation. Within 8 days 
after shoot Inoculation, decreased mitotic activity was evident in 
infected root tips. This was evidenced by what seemed to be a decrease 
in the number of mitotic figures in infected roots compared to healthy 
roots of the same age as well as reduced growth rates of infected roots; 
not enough sections were observed to make these observations conclusive. 
There were also fewer mitochondria and plastids in roots of infected 
com accompanied by fewer and less complex dictyosomes and smaller 
and fewer vacuoles (Fig. 8), indicating that cells of infected roots 
were not elongating at rates comparable to those of healthy roots (Fig. 
9). 
Twenty-four days after inoculation, these effects were compounded 
although viral inclusions could not yet be detected in infected roots. 
Tissue sampled 90 days after inoculation contained viral inclusions 
in a small percentage of infected tissue sectioned. Two root tips 
of more than 10 sectioned contained pinwheel inclusions and bundle 
inclusions. Pinwheel inclusions were found only in young epidermal 
cells within the terminal 1.0 tan of the root tip (Fig. 10). The pin-
wheels were confined to a small number of epidermal cells that had 
recently divided and were not yet highly vacuolated (Fig. 11). 
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Plowheels, though similar to those found In leaves of SCMV-lnfected 
corn, were more compact with thicker radiating spirals outward from 
the central core (Fig. 12). Some pinwheels appeared to originate from 
invaginations of the tonoplast from the cell wall. 
Dictyosomes were less numerous in cells containing pinwheels than 
in healthy tissue. Proplastlds stained much more densely (Fig. 13) 
and mitochondria of Infected epidermal cells were less numerous and 
contained more crlstae than those of healthy tissue (Fig. 14). Epidermal 
cells containing plnwheel inclusions also had numerous invaginations 
of the plasmalemma Inward from the cell wall and viral particles inter­
spersed among rlbosomes in the ground matrix of the cytoplasm (Fig. 
15). 
Bundle inclusions were found in parenchyma cells surrounding dif­
ferentiating protoxylem vessel elements in root tips which contained 
plnwheel inclusions (Fig. 16). The bundle inclusions seemed limited 
to the parenchyma cells Immediately adjacent differentiating protoxylem. 
and were quite limited in size (Fig. 17). 
No plnwheel inclusions were found in Sorghum halepense (Johnson 
grass) root tips that were fixed and sectioned 90 days after inoculation. 
However, bundle inclusions were found in 2 of 6 root tips sectioned. 
These bundle inclusions were not as limited in distribution as was 
observed in infected corn roots. Cells throughout the meristem contained 
Inclusions with the exception of epidermal cells (Fig. 18). No Inclusion 
bodies were found in any of the 6 healthy root tips sectioned (Fig. 
19). 
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Other morphological changes observed in infected root tips included 
thicker cell walls and an accompanying lack of mitotic activity indicat­
ing a decrease in cell division (Fig. 20). Mitochondria of Infected 
root tips were also abnormal. They contained many more cristae than 
did mitochondria of healthy root tips; the cristae were also deeply 
invaginated (Fig. 21). Plastlds in infected root tips were devoid 
of starch but contained invaginations which were filled with material 
of the same consistency as the ground plasm of the cytoplasm (Fig. 
18).  
Brome grass mosaic virus. Com root tips infected with BMV examined 
at various stages after inoculation had large numbers of virus particles 
dispersed throughout the cytoplasm. Infected material stained during 
dehydration revealed numerous virus particles in apical initials (Fig. 
22). These viral particles could not be distinguished from ribosomes 
in material fixed without staining, but staining with uranyl acetate 
(Fig. 22) during dehydration of tissue before embedding caused viral 
particles to take up stain while ribosomes did not. 
Material inoculated 24 days before fixation had BMV particles 
dispersed throughout the cells (Fig. 23). The cytoplasm was filled 
with viral particles and vacuoles contained large amounts of virus. 
At this stage, nuclei and other organelles also contained virus (Fig. 
24). 
No viral inclusions were found in com root tips, although in 
some cases cells were completely filled with virus (Fig. 25). Although 
the cytoplasm had been largely replaced by viral particles 24 days 
after inoculation, organelles remained intact and membrane integrity 
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was preserved. Mitochondria were greatly reduced in size, cristae 
were enlarged, but the membranes were intact (Fig. 26). Plastids remained 
intact even after the cytoplasm was completely replaced by virus particles 
(Fig. 27). 
BMV was distributed in wheat roots much like that in com roots, 
but with a lower concentration. Also, inclusions of BMV were found 
in wheat root tips (Fig. 28). The crystallized virus formed a dense 
mass that was very electron dense. A few individual virus particles 
were arranged in ordered rows in parts of the inclusions. Organelles 
in cells containing inclusions were distorted and not identifiable. 
However, other cells that contained virus particles that had not crystal­
lized had quite normal organelles, although less numerous than comparable 
healthy tissue. 
Clover yellow mosaic virus. Aggregates of CYMV particles were 
abundant in root tips fixed 8 days after shoot inoculation. Virus 
aggregates were as numerous as nuclei, and often equal ir. size or larger 
than nuclei (Fig. 29). The aggregates were not uniform in size or 
shape. The majority of aggregates appeared in thin sections as loosely 
packed virus particles arranged in random rows which gave inclusions 
the appearance of fingerprint impressions when cut transversely (Fig. 
30). Individual particles were quite easy to define yhen cut either 
in the longitudinal or transverse plane. Changes in particle orientation 
within aggregates gave inclusions a spiral arrangement in a number 
of sections (Fig. 31). Viral aggregates were numerous in differentiated 
xylem and phloem elements (Fig. 32). These bundles were not as densely 
packed as were those in younger parenchyma cells. As xylem vessels 
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matured, vacuolatlon Increased and viral particles became appressed 
to cell walls (Fig. 33). 
Cytological changea accompanying viral infection included a reduction 
of mitotic activity accompanied by changes in mitochondrial structure. 
Mitochondria were smaller, more rounded, and had more highly invaginated 
inner membrane systems. Other than these changes, there appeared to 
be minimal morphological changes in inclusion bearing cells. 
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DISCUSSION 
Sugarcane mosaic virus 
Although the 3 strains of SCW studied could be mechanically inocu­
lated easily onto com leaves causing systemic infections, they did 
not infect roots following root inoculation by any of the 5 inoculation 
techniques. The occasional ^sitive result obtained constituted such 
a low percentage of the total that I attributed this to experimental 
error (Table 1). Preliminary experiments showed that it was easy to 
produce infection by rubbing any part of the host shoot while handling 
the seedling during inoculation since fingers contained virus and abrasives. 
The low virus titer in roots of leaf-inoculated seedlings is also suggestive 
that viral replication may be restricted in com roots (Fig. 1). 
Bond and Pirone's (1970) studies on soil transmission of SCMV 
in sorghvm do not rule out the possibility that transmission may have 
occurred in stems rather than in roots, as SCMV may have entered seedlings 
through wounds in stem tissue at or below the soil line. Although 
they strongly suggest soil transmission to roots, they did not report 
assaying roots for infectivity, nor were they able to show that SCMV 
was transmitted to roots of healthy seedlings following removal of 
tops of infected seedlings. 
Electron microscopic studies of infected corn roots revealed that 
very few of the root tips sectioned had cells containing viral inclusions. 
This supports the observations that only a small amount of virus could 
be recovered from roots. It is possible that SCMV was present in many 
more cells than where inclusions were observed, but unless it was present 
in high enough concentration to crystallize and/or cause pinwheel 
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inclusions to form, it would not be detected. 
The possibility of a mechanical barrier preventing viral replication 
in corn roots is rather questionable. Virus particles have been observed 
in vascular tissue (Krass and Ford, 1969), indicating that SCMV may 
be easily translocated from one part of the host to another. 
The possibility remains that viral replication may be dependent 
on chloroplasts absent from corn roots but present in shoots. While 
this avenue has not been explored here, the fact that pinwheel and 
bundle inclusions could be found in some root tips, and that SCMV could 
be recovered from roots of leaf-inoculated seedlings, is strongly indic­
ative of viral replication in some, if not all, roots. Inclusions 
and/or virus may have been present in all roots sectioned but cells 
examined may have been devoid of virus. It is a well established fact 
that viruses generally do not infect all cells in a given organ unless 
they first invade the meristem in high enough concentrations to be 
present in all meristematic derivatives (Matthews, 1970). It is possible 
that, with a virus titer of 10"^ in macerated tissue, there were very 
few cells infected, or cells contained such low amounts of virus that 
bundle inclusions were not formed. Ultrastructural changes observed 
in infected roots in which no inclusions could be found suggest that 
SCMV affects asstabolic activities in these cells. Since virus could 
be recovered from all roots of leaf-inoculated corn seedlings 6-8 days 
after inoculation, it is reasonable to assume that replication was 
occurring in some cells of those roots. Viral replication may have 
been restricted to certain tissue such as epidermal and/or xylem parenchyma 
where inclusions were found. 
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Infected Johnson grass root tips examined with the electron micro­
scope contained larger numbers of cells with bundle inclusions than 
were found in com roots. Although pinwheels were not found in Johnson 
grass roots that contained bundle inclusions, the possibility that 
they were present in a small number of cells that were not sectioned 
cannot be ruled out. Since bundle inclusions were found in infected, 
and net healthy, root tips, they can be related to the disease syndrome. 
While it has not been directly proven that inclusions contained viral 
particles, measurements indicate that individual particles within bundle 
inclusions were the same diameter as negatively stained SCMV particles. 
Purification studies also support my conclusion that SCMV con­
centration in corn roots was quite low. Assigning that when attempts 
are made to clarify the low volume of SCMV present in roots, particles are 
adsorbed to cellular debris and are removed from solution, as is common 
with a certain percentage of all viruses clarified, there is no virus 
available in suspension for Infectivity assays. Negatively stained 
preparations of purified pellets obtained from numerous purification 
attempts failed to yield flexuous rods characteristic of SCMV, while 
numerous rods could be found in material purified from leaves. 
Based on my work, I observed that while SCMV can invade numerous 
cell types in corn shoots, it is somewhat more limited in distribution 
in roots. Distribution may be limited to metabolically active cells 
undergoing division such as can be found in or near merlstems. There­
fore, merlstems may serve as an Important tool for the study of viral 
replication, as one may be able to follow early events of viral replication 
in and near them. 
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Bromegrass mosaic virus 
The different behavior of BMV in com, wheat, and oat roots suggests 
a different node of action of BMV and/or a different type of host cell 
response to viral infection in the respective hosts. The high virus 
titer in oats with the apparent mild disease symptoms suggests that 
this host is very tolerant of BMV infection. The low virus titer obtained 
from wheat roots supports previous reports that an inhibitor may be 
present in wheat roots. Finally, the apparent localization of BMV 
infection in com roots to the primary infection sites suggests that 
this host resists BMV infection by a hypersensitive response which 
localizes viral replication to primary infection sites. 
The responses of very young corn seedlings (1- to 2-leaf stage) 
to leaf inoculation with BMV are local lesion formation on inoculated 
leaves followed by necrosis and ultimate death of infected seedlings. 
However, if seedlings are inoculated at the 4-leaf stage or later, 
local lesions may be formed but viral replication is severely limited 
with many plants showing no further symptoms of infection. Virus cannot 
be recovered from these plants after the inoculated leaf has senesced 
and dropped off. This type of host response may be analogous to what 
has been observed in the case of root inoculated seedlings. These 
seedlings may not go through the early stage of susceptibility that 
is first observed with shoot-inoculated seedlings, but rather respond 
by localizing the infection and ultimately 'recover' from the infection. 
Bromegrass mosaic virus could not be recovered from roots which 
were simply dipped in inoculum without previously injuring them. Local 
lesions were not observed on any of the corn roots which were mechanically 
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inoculated with BMV even though virus could be recovered. Since BMV 
vas recovered from inoculated roots, viral replication occurred there. 
In addition, the increased percentage of roots from which virus was 
recovered 4 through 15 days after inoculation further shows that viral 
replication was occurring. 
Mechanical inoculation of BMV onto wheat and oat roots effected 
systemic infection of inoculated seedlings- The recovery of BMV from 
roots 2-3 days before it could be recovered from shoots indicates that 
replication occurred in inoculated roots. This, coupled with the obser­
vation that SCMV did not appear to replicate in root-inoculated corn 
seedlings, suggests that any barrier present in corn roots was host 
specific, and could tenuously support a hypothesis that neither BMV 
nor SCMV replicate in com roots. Further study is necessary to resolve 
this problem. 
Electron microscopic studies of roots of leaf-inoculated com 
revealed that large quantities of BMV were present in many cells of 
the root tip. The fact that virus particles were found in nuclei 24 
days after Inoculation but not earlier, indicated that BMV had diffused 
into nuclei t^^ough nuclear pores rather than replicated there. 
The following observations indicate that viral replication occurred 
in very young meristematic cells. Root growth was too rapid for viral 
particles to have accumulated in the quantities observed without assembly 
in the root. Virus titer in BMV-infected corn roots was much higher 
than observed in SCMV-infected corn roots, further supporting the con­
clusion that BMV replication occurred in corn roots. Had BMV moved rapidly 
enough through roots to build up in the quantities observed, I should 
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have been able to detect it in leaf-inoculated seedling roots at almost 
the same time that it was detected in leaves, not 3 days later, as 
was the case. 
Electron microscopic studies of BMV-infected wheat roots revealed 
that BMV was present in large enough quantities to crystallize. Again, 
highest virus concentration appeared to be in young parenchyma tissue 
that was metabolically very active, rather than in mature, highly vacuolated 
parenchyma cells. This suggests viral replication, rather than trans­
location of assembled viral particles from shoots to roots. Viral 
particles were also found in young oeristenatic derivatives which had 
recently undergone division. I have therefore concluded that BMV replica­
tion occurs in com, wheat, and oat roots, and that meristematic cells 
support BMV replication. 
Purification of BMV from roots revealed that large quantities 
of relatively pure virus could be obtained from roots. Corn roots 
were easier to separate from soil than were barley roots, because of 
their growth habit. The more fibrous nature of the corn root system 
allowed for easy removal of soil particles by rinsing roots under running 
tap water. Soil had to be saturated with water a short time before 
separation to prevent clumps of dried soil from adhering to the root 
system. More soil was retained after cleaning on barley roots than 
com roots because they formed a dense mat on the bottom of the pot. 
Thus, more fine roots of barley were lost during the cleaning process. 
However, the higher virus yield from barley roots more than outweighed 
this inconvenience. 
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Fresh weight» of root «ysterns were approximately the same as shoots 
at the time of harvesting; however, as water content of roots was higher 
than shoots, yields are not quite comparable when based on fresh weight. 
Had BMV yields been based on tissue dry weight, yield from roots would 
increase by 30%. This would make root and shoot yields about equal. 
Based on these data, researchers who discard roots of virus-infected 
seedlings may be discarding an important source of virus, which, although 
being more difficult to harvest initially, may prove easier to purify 
from in the final analysis. 
Clover yellow mosaic virus 
The combination of CYMV in garden pea was the easiest system to 
work with of the 3 studied. The local lesion host was relatively easy 
to propagate and lesions were easily counted. Roots of pea were as 
easy to inoculate as were leaves. As all 5 inoculation techniques 
were equally successful, 1 selected the easiest one; had equipment 
been available for efficient use of the spray inoculation technique, 
it may have required less time for inoculation of large numbers of 
plants. 
There is no doubt that roots were directly infected following 
mechanical inoculation, as virus titer increased markedly in roots 
before infectivity could be detected in shoots. The rapid movement 
of CYMV throughout infected seedlings indicates that it was translocated 
via the vascular system. Electron microscopic examination of vascular 
elements revealed that xylea and phloem elements contained large amounts 
of virus. 
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The high virus titer in roots as determined by local lesion assays 
was supported by observations of numerous virus aggregates in root 
tips examined with the electron microscope. The large number of viral 
inclusions in very young root tip cells is indicative that CYM7 is 
capable of infecting oeristematic tissues. Inclusions wre more numerous 
in cells of the terminal 1 mm of root tip sectioned than they were 
in more mature cells. This may have been the result of decreased viral 
synthesis as cells matured and became highly vacuolated. Virus inclusions 
were found in all cell types and in numerous types of arrangements. 
Many cells contained inclusions which appeared larger than nuclei in 
cross section. Some cells were completely filled with loosely packed 
viral inclusions. 
Pea root tips may prove an invaluable tool in the study of early 
phases of viral infection. A consistently high percentage of roots 
were infected, and many cells observed in thin-sectioned material contained 
inclusions. The use of labeled antibodies may enable us to tag early 
sites of viral synthesis, and to follow viral replication as root cells 
mature further back from the meristem. 
Clover yellow mosaic virus was as easy to purify from pea roots 
as from shoots. While the use of chloroform reduced CYMV yield from 
shoots, that which was obtained following this schedule was of much 
higher purity than obtained by any previously reported purification 
schedules. The UV scans obtained from purified root and shoot pellets 
(Fig. 7) revealed that larger quantities of protein were present in 
root material than in shoot material. 
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Physiology of affected plants 
Com. Upon examination of com seedlings infected with SCMV and 
BKV, some striking differences in nitrogen and carbohydrate levels 
are noted. Com seedlings are eventually killed by BMV when inoculated 
at the 2-leaf stage, while if infected with SCMV at the same age, they 
are only stunted and chlorotic. 
While both viruses cause a similar disturbance in nitrogen metabolism, 
the magnitude of changes are different. Eight days after Inoculation, 
there was a marked accumulation of soluble and residue nitrogen in 
BMV-infected seedlings (Table 6), while SCMV caused only an increase 
in residue nitrogen (Table 4). Twelve days after inoculation, BMV-
infected shoots had accumulated large quantities of soluble and residue 
nitrogen, while SCMV-infected seedlings showed a reduction in residue 
nitrogen. This differs somewhat from the accumulation of soluble nitrogen 
noted by Tu and Ford (1969) 15 days after inoculation of sweet com 
with the same strain of SCMV; however; since their szzplsc vcre ell 
taken on only one date and seedlings were not the same age as those 
sampled in this study, it is difficult to make any comparisons. 
The trend was even more marked in roots. While residue and soluble 
nitrogen accumulated in BMV-infected roots 8 and 12 days after inoculation, 
there was a narked reduction in soluble nitrogen in SCMV-infected roots 
on both sampling dates. This reduction may be linked with the low 
virus titer in SCMV-infected roots with nitrogen being translocated 
to the shoot where the majority of viral replication was occurring. 
Carbohydrate levels demonstrated the difference even better than 
did nitrogen levels. While soluble carbohydrate levels were reduced 
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In SCMV-infected shoota, they were increased in BMV-infected shoots. 
Starch content of SCMV-infected shoots was also reduced, causing a re­
duction in total carbohydrates in SCMV-infected shoots, while starch 
content of BMV-infected shoots was increased, causing an accumulation 
of total carbohydrates in BMV-infected shoots. 
The reduction of carbohydrate levels in SCMV-infected shoots reflected 
the reduction photosynthetic activity reported previously (Tu and Ford, 
1968). The accumulation of starch in BMV-infected shoots, conversely 
indicated no such reduction in photosynthetic activity but may indicate 
decreased translocation from infected shoots to roots. 
Changes in carbohydrate content in roots were more erratic, but 
genererally followed the same pattern in BMV- and SCMV-infected com 
roots. The magnitude of accumulation of reducing sugars was greater 
in BMV-infected roots, with a 200% increase 4 days after inoculation 
as compared to a 50% increase in SCMV-infected roots. Twelve days 
after inoculation, sucrose accumulated and reducing sugar had decreased. 
Starch content of SCMV-infected roots was reduced 10-15% while it was 
reduced 18-22% in BMV-infected roots. These differences are quite 
small, therefore, the effects of the 2 viruses on carbohydrate levels 
in roots were approximately equal. 
Peas. The reduction of soluble and residue nitrogen observed 
in pea shoots 4 days after inoculation is difficult to explain on the 
basis of other reports of nitrogen metabolism in infected seedlings 
(Proll, 1967; Ford and Tu, 1969). However, the reduction of soluble 
nitrogen follows the same pattern observed in SCMV- and BMV-infected 
corn shoots. The reduction of soluble nitrogen in early stages of 
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Che Infection process may indicate a shock symptom in which nitrogen 
metabolism is disturbed in response to infection. Eight and 12 days 
after inoculation, the accumulation of soluble and residue nitrogen 
reported elsewhere are noted (Proll, 1967; Ford and Tu, 1969). 
The accumulation of nitrogen correlates with the severity of the 
disease on the seedlings. The metabolic processes are severely disrupted 
by the infection, eventually leading to chlorosis, necrosis, and death 
of infected seedlings. Nitrogen is accumulated at the expense of other 
products in the infected shoot. In an extreme case, protein incorporated 
into virus at the expense of the host has been reported as high as 
30% without changea being noted in total nitrogen content (Bawden and 
Pirie, 1946). 
Nitrogen levels in infected roots decreased on all sampling dates 
with the exception of soluble nitrogen 12 days after inoculation. This 
may indicate that viral replication is not taxing root metabolism to 
the extent that it is shoot metabolism. Ultrastructural changes in 
leaves appear to be more severe than has been observed in any of the 
root tips examined (Purcifull et al., 1966). 
Carbohydrate balances in infected seedlings were severely affected 
by CYMV. Sucrose accumulation was noted in shoots at all sampling 
dates. The initial accumulation of reducing sugars 4 days after inocu­
lation with a reduction of reducing sugar content 12 days after inoculation 
suggests that translocation of carbohydrates may be interrupted in 
early stages of infection. Further studies may link carbohydrate accumu­
lations with disruption of photosynthetic apparatus as reported elsewhere 
(Goodman et al., 1965). Starch accumulated in shoots, while starch 
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content of roots decreased, supporting the assumption that translocation 
of carbohydrates was interrupted. The accumulation of starch 4 days 
after inoculation was much greater than observed 8 and 12 days after 
inoculation, again supporting the conclusion that translocation of 
carbohydrates was interrupted. 
Carbohydrate and nitrogen levels of infected seedlings supported 
previous observations concerning the differences in severity of the 
3 virus diseases. Sugarcane mosaic, which was present in low concentration 
in corn, caused less alteration of carbohydrate and nitrogen metabolism 
than did BMV, which eventually killed infected corn seedlings. Clover 
yellow mosaic interrupted translocation of carbohydrates from pea leaves 
to roots, as evidenced by accumulation of sucrose and starch in infected 
shoots, accompanied by reductions of starch content in infected roots. 
This virus also eventually killed infected pea seedlings. These obser­
vations show how difficult it is to compare the effects of different 
viruses on their hosts, except where the s ace plant has served as host 
for more than one virus as with SCMV and BMV in corn. They further 
reflect the changes in host metabolism caused by a virus at different 
stages of the infection process. 
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TABLES 
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TABLE 1 
RESULTS OF MECHANICAL INOCULATION OF MDMV 'B' TO CORN AND SORGHUM ROOTS 
Test plants Check plants 
Experiment Inoculated^^ Infected^/ InoculatedÊL^ Infected^^ 
1 150 0 128 0 
2 180 0 128 0 
3 165 2 128 0 
4 225 0 128 0 
5 72 1 72 0 
6 48 0 48 0 
7 72 15./ 72 0 
8 128 2 128 0 
9 128 0 128 0 
10 128 0 128 0 
XX 
12É/ 
X 23 
264 1 
x2o 
72 0 
13 264 0 72 0 
a/ Plants root-inoculated 6 days after germination. placed in 
versicul ite and assayed 15 days later. 
b/ Roots and shoots were separated and assayed onto 10 sweet 
corn seedlings each. 
c^/ Virus recovered from root but not from shoot. 
Atlas sorghum seedlings root-inoculated and assayed as sweet 
com in all other experiments. 
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TABLE 2 
TRANSMISSION OF BMV TO CORN ROOTS AFTER MECHANICAL INOCULATION OF ROOTS 
Days after 
inoculation Infected^/ z 
0-1 0 0 
2 5 20 
3 8 32 
4 9 36 
5 13 52 
6 14 56 
7 10 40 
8 16 64 
9 12 48 
10 9 36 
11 10 40 
12 18 72 
13 9 36 
14 5 20 
15 5 20 
16 2 8 
17 1 4 
18-19 0 0 
20 10 40 
21-30 0 0 
T7Twenty-five roots assayed each date by grinding root tissue in 
0.01 M phosphate buffer and rubbing inoculum onto silicon carbide-
dusted corn leaves. 
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TABLE 3 
COMPARATIVE TRANSMISSION OF CYMV TO PEA ROOTS AFTER INOCULATING 
THE ROOTS BY 5 TECHNIQUES 
Expert- Treat- Test plants Check plants 
ment aentS/ Inoculated Infected^/ Inoculated Infected 
A 66 65 66 0 
B 96 94 64 0 
C 96 90 64 0 
D 96 95 64 0 
E 96 89 64 0 
A 96 96 64 0 
B 96 90 64 0 
C 96 93 64 0 
D 96 96 64 0 
E 96 87 64 0 
A 96 92 64 0 
B 96 93 64 0 
C 96 96 64 0 
D 96 94 64 0 
E 96 73 64 0 
a? Five treatments employed: (A) roots were dusted with silicon 
carbide, then rubbed between forefinger and thumb which had been dipped 
in inoculum; (B) roots were dusted and inoculum was applied with a 
camel's hair brush that had baaz dipped in izcciiluz; (C) rccts vers 
dusted, rubbed between forefinger and thumb to injure them, then immedi­
ately dipped in inoculum; (D) inoculum was injected into the Steele of 
the root with a hypodermic syringe; and (E) inoculum was mixed with 
silicon carbide and sprayed onto roots with an artist's air brush. 
W Symptoms were observed on shoots of inoculated seedlings 15-20 
days after inoculation. 
TABLE 4 
NITROGEN LEVELS IN SCMV (MDMV'B')-INFECTED AND HEALTHY CORN SEEDLINGS 
X 1 1 
control control control 
S4/H4h/ H8 S8 S8/H8 HI2 S12 S12/H12 
SHOOT 
Factor 
measured HO(SO)—' H4 S4 
(ms/g  fresh weight) , , , , , 
Soluble N 9.40^' 11.36^' 8.96^' 68.0**5/ 9.01-' 7.94-' 88.1* 6.79^' 6.89-' 101.5 
Residue N 35.46 32.95 36.27 110.0 31.89 38.68 121.3** 32.48 22.21 68.4** 
Total N 44.86 44.31 45.25 102.0 40.90 46.62 114.0* 39.28 29.10 74.1* 
(m^/g dry weight) 
Soluble N 158.33 186.52 146.10 78.3* 166.21 169.11 101.7 109.82 159.43 145.2* 
Residue N 595.22 538.70 590.66 109.6 532.18 550.32 103.4 524.79 513.44 97.8 
Total N 752.91 724.50 736.63 101.7 698.39 719.43 103.1 634.56 672.75 106.0 
(mg/plant) 
Soluble N 3.89 9.03 5.63 62.3** 16.63 11.07 66.6** 24.19 16.36 67.4** 
Residue N 14.67 26.19 22.76 86.9* 71.10 37.89 53.3** 115.64 52.72 45.6** 
Total N 18.56 35.22 28.39 80.6* 87.73 48.96 55.8** 139.82 69.08 46.0** 
af Abbreviations refer to date of harvest of healthy (H) and SCMV-infected (S) corn seedlings; 
HO(SO) harvested on date of inoculation: H4 and S4 harvested 4 days after, H8 and 88 harvested 8 days 
after, and HI2 and 812 harvested 12 dayi» after inoculation. 
b/ Percentage of change in nitrogen levels between healthy and infected seedlings of the same 
age; infected represented as percent of healthy. 
c/ Each datum point represents the mean of 3 experiments replicated 3 times. 
d/ * - Infected mean significantly different from healthy at 5% probability level. 
** - infected mean significantly different from healthy nt 1% probability level. 
split-plot analysis of variance. 
TABLE 4 (Continued) 
X X X  
Factor . control control control 
measured HO(SO)^' H4 S4 S4/H4^' H8 S8 S8/H8 H12 S12 S12/H12 
ROOT 
(mg/g fresh weight) 
Soluble N 3.03 4.21 3.82 90.7 4.01 2.27 56.6** 4.00 0.46 11.5** 
Residue N 6.97 8.72 8.64 99.1 9.01 8.72 96.8 9.19 8.23 89.6 
Total N 10.00 12.93 12.46 96.4 13.02 10.99 84.4* 13.19 8.69 65.9** 
(mg/g dry weight) 
Soluble N 66.84 97.66 83.72 85.7* 95.03 61.84 65.1** 95.32 10.71 11.2** 
Residue N 153.74 201.92 189.21 93.7 212.38 187.13 88.4 219.11 181.89 83.0* 
Total N 220.49 299.49 272.49 91.0 307.41 248.97 81.0* 314.44 192.06 61.1** 
(mg/plant) 
Soluble N 2.84 4.93 4.50 91.3 6.48 2.53 39.0** 8.43 0.924 11.1** 
Residue N 6.54 10.21 10.17 99.6 14.97 13.32 88.9 19.36 16.53 85.4* 
Total N 9.38 15.15 14.67 96.8 21.45 15.85 73.9* 27.79 17.45 62.8** 
TABLE 5 
CARBOHYDRATE LEVELS IN SCMV (MDMV'B')-INFECTED AND HEALTJÎY CORN SEEDLINGS (PER G FRESH WEIGHT) 
X % % 
. control control control 
Factor measuted HO(SO)®' HA :S4 SA/HW H8 S8 S8/H8 H12 S12 S12/H12 
SHOOT (uM/g fresh weight) 
81^/ .17-/ 7**à/ 73Ç/ 53^/ 42-/ 92ç/ Sucrose 14.215/ 13. (> 44. 10. 5. 51 .5** 7. 4. 66 .3** 
Reducing sugar 128.10 61. 44 24 .76 40. 3** 58. 37 26. 23 44 .9** 56. 09 38. 77 69 .1* 
Total Sol Carb (pM) 142.31 75. 25 31) .93 41. 1** 69. 10 31. 76 46 .0** 63. 51 43. 79 68 .9** 
Total Sol Carb (mg) 25.62 13. 55 .57 41. 1** 12. 44 5. 72 46 .0** 11. 43 7. 88 68 .9** 
Starch (mg) 23.88 16. 17 ') .97 61. 7** 17. 81 11. 01 61 .8** 15. 88 10. 34 65 .1** 
Total Carbohydrate 49.48 29. 72 1) .54 52. 3** 30. 25 16. 73 55 .3** 27. 31 18. 22 66 .7** 
ROOT (iiM/g fresh weight) 
Sucroso. 12 .08 15.03 3. 50 23.3** 9.52 5.18 54.4** 2.83 6.85 242 .0** 
Reducing sugar 132 .89 10.57 IC). 13 152.6** 22.43 22.27 99.3 38.42 30.84 80 .3* 
Total Sol Carb (pM) 144 .97 25.60 1'). 63 76.7* 31.95 27.45 85.9* 41.25 37.69 91 .4 
Total Sol Carb (mg) 26 .09 4.61 ). 53 76.7* 5.75 4.94 85.9* 7.43 6.78 91 .4 
Starch (rag) 21 .87 14.18 11. 86 83.6 18.10 15.31 84.6 20.38 18.67 91 .6 
Total Carbohydrate 47 .96 18.79 1). 39 81.9* 23.85 20.25 84.9* 27.81 24.45 87 .9 
a/ Abbreviations refer to date of harvest of healthy (ll) and SCMV-infected (S) corn 
seedlings; HO(SO) date of inoculation, 114 and S4 4 days after, H8 and S8 8 days after, and HI2 
and S12 12 days after Inoculation. 
W Percentage of change in carbohydrate levels between healthy and infected seedlings of 
the same age. 
cj Each datum point represents the mean of 3 experiments replicated 3 tines, 
d/ * " infected mean significantly different from healthy at 5% probability level. 
** • infected mean significantly different from healthy at 1% probability level, 
split-plot analysis of variance. 
TABLE 6 
NITROGEN LEVELS IN BMV-INFECTED AND HEALTHY CORN SEEDLINGS (PER G FRESH WEIGHT) 
% % % 
. control control control 
Factor measured HO(BO)®' H4 84 B4/H4k/ H8 B8 B8/H8 H12 B12 B12/H12 
SHOOT (tng N/g fresh weight) , , , . , , , 
Soluble N 9.405/ 11.365-' 9.455-' 83.0*1' 9.01^' 11.345.' 125.9** 6.79-' 14.18^' 208.8** 
Residue N 35.46 32.95 Vs.lb 105.5 31.89 39.57 124.1** 32.48 43.28 133.3** 
Total N 44.86 44.31 44.20 99.8 40.90 50.91 124.5** 39.27 57.46 146.3** 
ROOT (ing N/g f 
Soluble N 
Residue N 
Total N 
weight) 
3.03 4.21 
6.97 8.72 
10.00 12.93 
3.67 87.2* 
3.69 99.7 
12.36 95.6 
4.01 5.09 
9.01 9.56 
13.02 14.65 
126.9** 4.00 
106.1 9.19 
112.5 13.19 
6.38 159.5** 
10.93 118.9* 
17.31 131.9** 
a/ Abbreviations refer to date of harvest of healthy (H) and BMV-infected (B) corn seedlings; 
HO(soy date of inoculation, H4 and B4 4 days after, H8 and B8 8 days after, and H12 and B12 12 days 
after inoculation. 
b/ Percentage of change in nitrogen levels between healthy and infected seedlings of the same 
age. 
c/ Each datum point represents thii mean of 3 experiments replicated 3 times. 
d/ * • infected mean significantly different from healthy at 5% probability level. 
** " Infected mean significantly different from healthy at 1% probability level. 
split-plot analysis of variance 
TABLE 7 
CARBOHYDRATE LEVELS IN BMV-INFECTED AND HEALTHY CORN SEEDLINGS (PER G FRESH WEIGHT) 
Factor 
measured H0(B0)5/ H4 B4 
% 
control. 
B4/H4k/ H8 B8 
Z 
control 
B8/H8 H12 B12 
% 
control 
B12/H12 
SHOOT (uM/k fresh weight) 
8.825/ 63.9**4/ 10.735/ 635./ 7.42^/ / 191.2** Sucrose 14.215/ 13.81^/ 12. 117.7* 14.195 
Reducing sugar 128.10 61.44 79.21 128.9* 58.37 90. 38 154.8** 56.09 102.41 182.6** 
Total Sol Carb (viM) 142.31 75.25 88.03 117.0 69.10 103. 01 149.1** 63.51 116.60 183.6** 
Total Sol Carb (mg) 25.62 13.55 15.85 117.0 12.44 18. 54 149.1** 11.43 20.99 183.6** 
Starch (mg) X3.88 16.17 23.97 148.2** 17.81 22. 86 128.4* 15.88 21.90 137.9** 
Total carbohydrate 49.48 29.72 39.82 134.0* 30.25 41. 40 136.9* 27.31 42.89 157.0** 
ROOT (pM/g fresh weight) 
Sucrose 12.08 15.03 4.10 27.3** 9.52 5. 75 60.0* 2.83 8.21 290.1** 
Reducing sugar 132.89 10.57 34.30 324.5** 22.43 33. 27 148.3** 38.42 31.51 82.0* 
Total Sol Carb (yM) 144.97 25.60 38.40 150.0** 31.95 38. 02 119.0* 41.25 39.72 96.3 
Total Sol Carb (mg) 26.09 4.61 6.91 150.0** 5.75 6. 84 119.0* 7.43 7.15 96.3 
Starch (mg) 21.87 14.86 11.72 78.9* 18.10 14. 89 82.3* 20.38 16.04 78.7* 
Total carbohydrate 47.96 28.79 18.63 64.7* 23.85 21. 73 91.1 27.81 23.19 83.4 
a/ Abbreviations refer to date of harvest of healthy (H) and BMV-infected (B) corn seedlings; 
HO(BO) date of inoculation, H4 and B4 4 days after, H8 and B8 8 days after, and H12 and B12 12 days 
after inoculation. 
b/ Percentage change in carbohydrate levels between healthy and infected seedlings of the same 
age. 
cj Each datum point represents th» mean of 3 experiments replicated 3 tiroes. 
d/ * • infected mean significantly different from healthy at 5% probability level. 
** - infected mean significantly different from healthy at 1% probability level. 
split-plot analysis of variance 
TABLE 8 
NITROGEN LEVELS IN CYMV-INFECTED AND HEALTHY PEA SEEDLINGS (PER G FRESH WEIGHT) 
% % % 
Factor control control control 
measured UO(CO)i/ HA C4 C4/H4k/ H8 C8 C8/H8 H12 CI 2 C12/H12 
SHOOT (mg N/g fresh weight) , , . , 
Soluble. N 9.0&C/ 19.579/ 19.3l£/ 70.7**1/ 13.632/ 15.795/ 115.8* 8.815./ 12.17^/ 138.1** 
Residue N 27.97 69.75 57.15 81.9** 55.38 65.32 117.9* 50.57 69.41 137.3** 
Total N 37.05 89.32 76.46 84.5** 69.01 81.11 117.5* 59.38 81.58 137.4** 
ROOT (mg N/g fresh weight) 
Soluble; N 8.11 11.60 9.80 84.5** 9.23 7.98 86.5* 6.60 6.45 97.7 
Resldm: N 10.80 17.65 13.43 76.1** 18.93 15.62 82.5** 21.34 15.40 72.2** 
Total N 18.91 29.25 23.23 79.4** 28.16 23.60 83.8* 27.94 21.85 78.2** 
a/ Abbreviations refer to date of harvest of healthy (ll) and CYMV-lnfected (C) seedlings; 
HO(CO) date of Inoculation, H4 and C4 4 days after, H8 and C8 8 days after, and H12 and CI2 12 days 
after Inoculation. 
W Percentage change in nitrogen levels between healthy and Infected seedlings of the same age. 
cj Each datum point represents the. mean of 3 experiments replicated 3 times. 
^/ * • Infected mean significantly different from healthy at 5% probability level. 
** " Infected mean significantly different from healthy at 17. probability level. 
split plot analysis of variance 
TABLE 9 
CARBOHYDRATE LEVELS IN CÏMV-INFECTED AND HEALTHY PEA SEEDLINGS (PER G FRESH WEIGHT) 
Factor loeasiired HO(GO)—' a/ 
SHOOT (|iM/g fresh weight) 
Sucrose 
Reducing sugar 
Total Sol Carb 
Total Sol Carb 
Starch (nig) 
Total carb (mg) 
(yM) 
(mg) 
8.25^ 1' 
6.87 
15.12 
2.72 
12.39 
15.11 
/ 
H4 C4 
control 
C4/H4k/ H8 C8 
control 
C8/H8 HI 2 CI 2 
control 
C12/H12 
l.QlSJ 56.205/2714.9**É/ 8.32^/ 45.30?/ 544.5** 14.485/ 36.285/ 250.6** 
21.03 45.03 214.12** 44.20 46.98 106.3 68.90 43.14 62.6* 
23.10 101.23 438.2** 52.52 92.28 175.7** 83.38 79.42 95.3 
4.16 18.22 438.2** 9.45 16.61 175.7** 15.01 14.30 95.3 
21.87 30.71 140.2* 24.10 37.22 154.4** 23.89 21.82 133.8* 
26.03 48.93 183.6** 33.55 53.83 160.5** 38.90 45.12 116.1* 
ROOT ()iM/g fresh weight) 
Sucrose 4.21 3.05 11 .(8 382.9** 3.il 11.61 373.3** 3.02 11.53 381.8** 
Reducing sugar 4.02 6.67 3,61 54.1** 13.47 25.00 185.6** 18.97 45.31 238.9** 
Total Sol Carb (yM) 8.23 9.72 15.29 157.3** 16.58 36.61 220.8** 21.99 56.84 258.5** 
Total Sol Carb (rag) 1.48 1.75 2,75 157.3** 2.98 6.59 120.8** 3.95 10.23 258.5** 
Starch 8.47 14.68 9.03 61.5* 19.71 10.07 51.1** 18.97 8.13 42.9** 
Total Carb (mg) 9.95 16.43 11.78 71.7* 22.69 16.66 73.4 22.92 18.36 80.1 
£/" Abbreviations refer to date of harvest of healthy (II) and CYMV-infected (C) seedlings; 
HO(CO) date of inoculation, H4 and CA 4 days after, H8 and C8 8 days after, and HI2 and 012 12 days 
after Inoculation. 
b/ Percentage change in carbohydrate levels between healthy and infected seedlings of same age. 
cj Each datura point represents the mean of 3 experiments replicated 3 times. 
d/ * • infected mean significantly different from healthy at 5% probability level. 
** - infected mean significantly different from healthy at 1% probability level. 
split-plot analysis of variance 
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TABLE 10 
YIELDS OF SCMV, BMV, AND CYMV PURIFIED FROM 
ROOTS AND SHOOTS OF INFECTED HOSTS 
Yield^/ (ag/lOOg) 
Virus/host Roots Shoots 
SCMV/com ok/ 2k/ 
BMV/com 12b/ 25b/ 
BMV/barley 25^ ' 100^/ 
CYMV/pea 45b/ 5ok/ 
Yields determined by extinction coefficient of purified sample 
follcving CsCl density gradient centrifugation. 
W Mean of 3 experiments. 
c/ Mean of 2 experiments. 
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FIGURES 
FIG. 1. SCMV (MDMV'B') concentraclon in corn shoots and roots after 
shoot inoculation. Virus titer based on dilutions of crude sap assayed 
on 10 sweet com seedlings used as systemic hosts for dilution endpoint 
assays. 
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FIG. 2. Comparison of BMV concentration In wheat and oats after root Inoculation, (a) BMV 
concentration in wheat shoots and roots as determined by dilution endpolnt assay of infective sap 
onto 10 corn seedlings, (b) BMV concentration in oat shoots and roots on same basis. 
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FIG. 3. Effect of 4 temperatures on translocation of Bromegrass 
mosaic virus from inoculated wheat roots to shoots. (A) 10", (B) 15*, 
(C) 21°, (D) 26". 
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FIG. 4. CYMV concentration in pea shoots and roots after root 
inoculation. Virus titer based on wt/vol dilution of crude sap in 
0.01 M phosphate buffer (pH 7.0). Infected seedlings were assayed at 
24-hr intervals for the first 12 days, then every other day for the 
remainder of the experiment. Values are means of 10 assays onto 
K)o.oo(y 
shoot 
10,000 
root 
000 
O 
100 
0 10 20 50 
4  D a y s  a f t e r  i n o c u l a t i o n  
FIG. 5. CYMV translocation to shoots at different temperatures 
10°; (B) 15°; (C) 21°; (D) 26°. 
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FIG. 6. Ultraviolet absorption spectra of purified pellets obtained from corn shoots and roots 
Infected with SCMV and BMV. (a) Ultraviolet absorption spectra of purified pellets obtained from 
corn shoots and roots infected with the MDMV 'B* strain of SCMV. Scans were made from 280 g material 
which had been subjected to 3 cycles of differential centrlfugation, resuspended in 2 ml 0.01 
M phosphate buffer (pH 7.0), and diluted 1/10. (b) Ultraviolet absorption spectra of purified 
virus pellets obtained from corn shoots and roots Infected with BMV. Scans were made from 100 
g of tissue subjected to 3 cycles of differential centrlfugation, suspended in 3 ml of distilled 
H2O, and diluted 1/100 for scans. 
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FIG. 7. Ultraviolet absorption spectra of purified virus pellets 
obtained firom pea shoots and roots infected with CYMV. Scans were made 
from 150 g of material subjected to 3 cycles of differential centri-
fugation, resuspended in 6 ml 0.01 M phosphate buffer (pH 7.0), and 
diluted 1/100. 
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FIG. 8. Boot tip of SCMV-infected corn 8 days after leaf 
inoculation. Longitudinal section through terminal mm of root tip, 
region of elongation showing few organelles. (M) mitochondria, (P) 
plastid, (N) nucleus, (Vac) vacuole. 
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FIG. 9. Root tip of healthy com 8 days after inoculation. 
Longitudinal section through terminal mm of root tip showing cell 
undergoing nuclear division with numerous small vacuoles and organelles. 
(N) nucleus, (Vac) vacuole, (Ch) chromosomes, (M) mitochondria, (P) 
plastids. 
99 
FIG. 10. Epidermal cells in the terminal mm of corn root tip 
90 days after leaf inoculation with SCMV. Plastids (P) and dictyosomes 
(D) stain densely, invaginations of the tonoplast (arrows) are indicative 
of pinwheel formation. 
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FIG. 11. Plnwheel inclusions in young epidermal cells in the 
terminal mn of com root tip 90 days after leaf inoculation with 
SCMV. Most pinwheels (Pw) have dense radiating arms, much thicker 
than those found in leaf tissue. (N) nucleus, (P) plastid, (M) mitochon­
dria, (Vac) vacuole, (ER) endoplasmic reticulum. 
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FIG. Iz. Pinwheel inclusions in epidermal cell of corn root 
tip 90 days after leaf inoculation with SCMV. Note the broad, radiating 
arms of pinwheels (Pw) characteristic of those found in com roots. 
(?) plastids, (M) mitochondria, (Vac) vacuole, (V) virus particles. 
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FIG. 13. Epidermal cell in corn root tip 90 days after leaf 
inoculation with SCKV. Abnormal mitochondria (M) and plastids (P) 
are indicative of roots containing viral inclusions. (W) cell wall, 
(Pw) pinwheel, (D) dictyosomes, (N) nucleus. 
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FIG. 14. Comparison of healthy and SCMV-infected root tissue 
of the same age, 90 days after leaf inoculation. Epidermal cells; 
ground matrix of healthy root (a) is dense containing many large dictyo-
somes (D) and numerous mitochondria (M) and plastids (P), while infected 
root (b) has few ribosomes (R), plastids, and smaller mitochondria 
which have more invaginations of inner membrane than do those in healthy 
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cytoplasm of infected cell. 
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FIG. 15. SCMV-lnfected corn root epidermal cell 90 days after 
leaf inoculation. Pinwheel (Pw) inclusions cut in transverse and 
longitudinal section showing the thick, radiating spirals of individual 
pinwheels, degenerating dictyosomes (D), and virus particles (V) 
dispersed throughout the cytoplasm. -M) mitochondria, (N) nucleus, 
(Mi) microbodies. 
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FIG. 16. Bundle inclusions in parenchyma cells of the terminal 
ran of SCMV-infected root tip 90 days after leaf inoculation. The 
dense, granular cytoplasm is indicative of meristematic derivatives. 
(M) mitochondria, (P) plastids, (W) cell wall, (Vac) vacuole, (Bi) 
bundle inclusion. 
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FIG. 17. SCMV-infected corn root tip cells containing inclusions 
seen in Fig. 16. Cells adjacent differentiating protoxylem member 
(?X) contain bundle inclusions (arrows). Protoxylem member beginning 
to lay down secondary thickening contains crystal bearing plastids 
(P) characteristic of vessel elements- (N) nucleus, (Nu) nucleolus, 
(M) mitochondria, (Vac) vacuoles, (V) cell walls. 
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FIG. 18. Root tip of SCMV-infected Johnson grass 90 days after 
leaf inoculation. Longitudinal section through root neristem showing 
numerous bundle inclusions (Bi) in various cells. Inner membranes 
of mitochondria (M). Plastids (P) are deeply invaginated. (N) nucleus, 
(Vac) vacuole, (W) cell wall. 

FIG. 19. Root meristem of healthy Johnson grass. Large nuclei 
(N) and thin cell walls (W) with numerous plasmodesmata (PI) are 
indicative of meristematic tissue. Few vacuoles (Vac) are present, 
cytoplasm contains many plastids (P) and mitochondria (M). 
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FIG. 20. Typical cells of SCMV-infected Johnson grass root 
merlstem. Heavily stained thick cell walls suggest reduced merlstenatlc 
activity. Cells are smaller than found in healthy root merlstem, 
and contain numerous bundle inclusions. Mitochondria (M) appear to 
have numerous and peculiar crlstae, plastlds (P) contain vesicles 
filled vf 
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FIG. 21. Comparison of root mitochondria from healthy and infected 
root tips, (a) Mitochondria are long, slender, and filled with cristae. 
(b) Mitochondrion from same area in healthy root. (P) plastid, (W) 
cell wall, (Er) endoplasmic reticulum, (Mi) microbodies. 
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FIG. 22. BMV in corn root oeristem 
during dehydration. Virus particles (V) 
stain while background and organelles in 
(M). 
stained with uranyl acetate 
in vacuole (Vac) take up 
cytoplasm do not. Mitochondria 
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FIG. 23. Cross section through com root tip cell infected with 
BMV 24 days after leaf inoculation. Cytoplasm almost completely replaced 
by virus particles (V), yet membrane integrity is preserved. (W) cell 
wall, (P) plastid, (Vac) vacuole. 
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FIG. 25. BMV-infected c 
Section of vascular parench' 
completely replaced by viri 
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FIG. 24. BMV-infected corn root tip, 24 days after leaf inoculation. 
Cortical parenchyma cell; virus particles (V) have replaced cytoplasm, 
vacuole (Vac) is filled with virus and virus appears to have diffused 
into the nucleus (N). (W) cell wall. 
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FIG. 26. Section through cortical parenchyma cell of BMV-lnfected 
com root tip 24 days after Inoculation. Although cytoplasm is almost 
completely replaced by virus particles (V) mitochondrial (M) membrane 
integrity is preserved. (Vac) vacuole. 
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FIG. 27. BMV-infectad corn root 24 days after leaf Inoculation. 
Section through nature parenchyma cell shoving virus (V) dispersed 
throughout vacuole (Vac). (W) cell wall. 
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FIG. 28. BMV-infected wheat root tip 16 days after leaf inoculation. 
Section through sieve tube member showing crystallized BMV particles 
(V). Organelles are almost indistinguishable from other cell contents. 
(W) cell wall, (M) mitochondria. 
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FIG. 29. CYMV-infected pea root tip 8 days after leaf inoculation. 
Cortical parenchyma cell with viral inclusion (V) filling cell. (W) 
cell wall. 
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FIG. 30. CYMV-infected pea root tip 24 days after leaf inoculation. 
Section through viral inclusion in young cortical parenchyma cell 
showing randomly arranged rows of virus particles (V). (PI) plasmodesmata, 
(W) cell wall. 

FIG. 31. CTTMV-infected pea root tip 24 days after leaf inoculation. 
Viral inclusions (V) in neristematic derivatives in terminal mm of 
pea root tip. (N) nucleus, (M) mitochondria, (W) cell wall, (PI) 
plasmodesnata. 
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FIG. 32. CYMV-infected pea root tip 24 days after leaf inoculation, 
(a) Xylem vessel element containing viral inclusion (V). (b) Phloem 
sieve tube element containing viral inclusions. (M) mitochondria, 
(P) plastid, (Vac) vacuole. 
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FIG. 33. CYMV-infccted p^a root tip 24 days after leaf inoculation, 
(a) Tangential section through cell wall of xylea vessel showing virus 
(V) particles closely appressed to cell wall (W). (b) Transverse 
section through developing xylea vessel filled with virus (V). (Vac) 
vacuole. 
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